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STUDIES IN HUMAN INHERITANCE XIII 


A TABLE TO DETERMINE THE EXPECTED PROPORTION OF 
FEMALES SHOWING A SEX-INFLUENCED CHARACTER 
CORRESPONDING TO ANY GIVEN PROPORTION 
OF MALES SHOWING THE CHARACTER 
LAURENCE H. SNYDER anp CHARLES W. COTTERMAN 
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Received September 1, 1935 


N A PREVIOUS paper (Snyder, L. H. and Yingling, H., 1935) the 

gene frequency method was applied to sex-influenced factors, and a 
formula for testing the applicability of the hypothesis of sex-influenced fac- 
tors to human data was derived. Since any character dependent upon sex- 
influenced factors will usually be relatively frequent in males, but rela- 
tively rare in females, another method of attack presents itself. Knowing 
the proportion of males showing a character suspected of being due to a 
sex-influenced factor, what proportion of females may be expected to show 
the character, assuming random mating? As a practical example, if 40% 
of males are bald, what proportion of females may be expected to be bald, 
assuming that baldness is due to a sex-influenced factor and that random 
mating occurs in regard to this character? 

Assume a pair of allelomorphs B and 6, such that B is dominant in 
males, but recessive in females. Let p=frequency of B, and q =frequency 
of b. Then p+q=1. Here p and q may be separately derived, as follows: 

2 


of BB in general population, 


2 
of in general population. 


Since the proportion of BB? @ in the general population is equal to 
half of their proportion among females alone, and the proportion of bb#' # 
in the general population is equal to half of their proportion among males 
alone, we may write as follows: 

Let 2° B=proportion among females of females who show the character 
represented by B, let JB =proportion among males of males who show 
the character represented by B, and let @b=proportion among males of 
males who show the character represented by b. Then 


p? 
2 
p=V 9B (1) 
q 
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80 LAURENCE H. SNYDER AND CHARLES W. COTTERMAN 
q=V eb. (2) 
So that 
B+V eb=1. (3) 


From equation (3) it is possible to derive a value of ? B in terms of OB. 
B (4) 
9 

From equation (4) a table may be constructed, giving, for any propor- 
tion of males showing a dominant sex-influenced character, the correspond- 
ing proportion of females who may be expected to show the character. 
Employing the maximum likelihood method of R. A. FIsHEeR (1930), the 
probable error formula for equation (4) may be derived as follows: 

The distribution of dominant and recessive individuals in a sample of 
N males follows the terms of the expansion of the binomial, [(p?-+2pq) 


+q?]%. More exactly, the chance P of getting n dominants and N—n re- 
cessives is 


P= K(p*+ 2pq)"(q?)N-* = K(1—q?)"(q?)N™ (5) 
where 
N! 
n!(N—n)! 

The value to be estimated is p?, so that setting 

6=p? 
we obtain 

q=1-V8. 


Putting this value of q in equation (5), we get 
(6) 
Taking natural logarithms, 
L=log P=log K+n log (2\/8—6)+(2N—2n) log (1—V/@) 
n(i—/@) _N-n 


aL (N—n)(1—2,/8) n n(1—/6) 
Substituting =p? and n= Np(2—p), we have 
aL N 
(8) 


ap)? p*(2—p) 
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The variance of p?, 


3(p*)? 


Substituting p=1—V/1— oB, we get 


P.E. p?= 4/ (10) 


The complete equation involved is thus 


(1-V1-eB) + 9B) 4/ (11) 


From table 1, for any proportion of males showing a dominant sex-influ- 
enced character, the proportion of females who may be expected to show 
the character may be directly read. 


TABLE 1 
Table of values of QB= 


The values of @B to two decimal places are given in the left-hand column; the third decima! 
place for each value is given in the top row. Thus for 7 B=.310, the proportion of 9 B is .0287; for 
B=.316 it is 0299. 


-001 -002 -003 -004 -005 -006 -007 -008  .009 


| 
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-190 .0100 .0101 .0102 .0103 .0104 .0106 .0108 .0109 .0110 
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TABLE 1. (Continued) 
Table of Values of B= (1—V1—3B)* 


.000 001 .002 .003 004 .005 .006 .007 .008 .009 


o 


j 470 0740 0744 0747 0751 0755 0758 0762 0766 0770 0774 
480 0778 0782 0786 =©.0789 0793 0797 0801 0805 0809 0813 
De 490 0817 0821 0825 0829 0832 0837 0841 0846 0850 = .0854 


.1084 1103S .1108 1113) 1118 1123S. 1128 
560.1134 1139) 114461149). 11541159 1164S. 1169) 1175. 1180 
: 570 1185 1190 1196 1201 1206 1212 1217 1222 1228 1233 


590.1294 1305) 1311-1316) .1322, .1334. 1339). 1345 


82 
-200 01140115 0116 .0119 0120. «0121 .0122 
-220 .0136 .0138 0140. 0142) 0143S 0145. 0147S 0149 
-240 .0164 .0166 .0167 .0169 .0170 .0172 .0173 .0175 .0176 .0178 
-260 .0195 .0197 .0199 .0200 .0202 .0204 .0205 .0207 .0209 .0210 
-280 .0229 .0231 .0233 .0235 .0237 .0238 .0240 .0242 .0244 .0246 
-300 0269) 0271. 0273. 0275. .0277. «0279 «.0281 .0285 
-320 .0308 .0310 0312, .0314 .0316 .0318 += .0320. .0327 
9 
-380 0452, 0460S 0463S 60466 «0471 60474 «.0476 
-390 =.0479 0482, 0485 0488) 0491S 0494. 0497S 0499) 
=.0508 .0511 0514. 0517'S «0520'S .0523. 0529S .0535 
= .0541 0544 0547) 0550S 0553. .0565 

.0703 .0707 .0710 .0714 .0718  .0721 .0729 .0732  .0736 

-500  .0858 .0862, 0866 .0870 .0875 .0879 .0883. .0891 .0896 

| 1244 .1249 1260 .1266 .1271 .1277 .1283 .1288 
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TABLE 1. (Continued) 
Table of Values of 9 B= 
~—-.001 002 -003 -004 -005 -006 007 -009 


-980 .7372 .7433 .7497, 67562-7630. «7774 7850) .7929—.8012 
.990 .8100 .8193 .8291 .8397 .8511 .8636 .8775 .8935 .9126 .9378 
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INTRODUCTION 


OBERTS (1918) first reported the increase in size of the wings of 

the vestigial mutant of D. melanogaster when reared at high tempera- 
tures and showed that the effect was more pronounced in the males than 
in the females. STANLEY (1928) stated that “the length of vestigial wing 
varies directly with the temperature, but not in direct proportion.” I 
have shown (1930a) that there is a critical temperature for the increase 
in the length of the vestigial wings and that the marked change occurs in 
the females at a temperature 1° higher than in the males, a response 
showing sexual dimorphism. The curves for total development at one 
temperature of STANLEY (1931) and mine (1930a) were similar over the 
temperature range examined (17° to 31°). In preliminary reports (1930b, 
1932, 1933) I have indicated that the temperature-effective period for 
increasing the size of the vestigial wings at 30°, 31°, 32°, and 33° C. is 
during the larval period commencing at approximately 60 hours and ex- 
tending for various intervals with different maximum rates depending 
upon the sex of the individuals and the temperature experienced by the 
larvae. STANLEY (1931) found entirely different temperature-effective 
periods at 17° and 27° but in his recent paper (1935) he reports intervals 
at 30° and 31° easily harmonized with the periods reported here. 


STOCKS AND METHODS 


An inbred stock of vestigial winged flies should be homozygous for 
practically all the genes concerned in wing development and consequently 
the variability due to recombinations of modifying genes would be reduced 
to a minimum. Single pair brother-sister matings were made and selection 
was practiced in each generation, the sib matings being made from the 
bottle showing the best yield and with the flies showing the largest vesti- 
gial wings. The selection practiced should accelerate the approach to 
homozygosity. 

The food used in the experiments was the customary banana-agar jell. 
The bananas used throughout the experiments were uniformly overripe 
(the skins dark brown), but not decayed, and a 1 percent agar-agar me- 
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dium was used. The food was poured to a depth of 25 mm. in 1X4 inch 
vials and yeasted 24 hours before the parents entered the vials. The same 
batch of food was used at both temperatures and for all time intervals in 
any one trial. 

In the final experiments the same parents produced the eggs for the 
trials at 30° and 32°, 31° and 32°, and 31° and 33° C.; repeated trials being 
alternated between these temperature combinations. Thus comparable 
data should be produced for these four temperatures. One-hour egg-laying 
periods at 25° with eight pairs of flies per vial were used for the experi- 
ments at 30°, 31°, and 32°. The number of eggs deposited in each vial was 
below the limits of “the crowding effect” on the wings. These vials re- 
mained in the 25° incubator for 24 hours. At the end of this period practi- 
cally all the eggs had hatched Harn ty (1929). Preliminary tests had shown 
no temperature effect on the wings during the first 48 hours of develop- 
ment. The vials were then placed at two of the experimental temperatures. 
Eggs from the same parents were placed at all time intervals at both 
temperatures, thus distributing any residual genetic variability uniformly 
throughout the experiment. Beginning at 48 hours of total development 
and every 4 hours thereafter sets of vials were returned to the 25° incuba- 
tors for the completion of development and the emergence of the adult 
flies. 

A temperature of 33° was nearly 2° above the lethal point for the com- 
plete development and emergence of the flies of this vestigial stock. A 
procedure was developed which would carry a fair number to puparium 
formation at 33°. A 3-hour egg-laying interval was used and the first 48 
hours of development took place at 25°. The larvae in vials transferred at 
this time from 25° to 33° entered the temperature-effective period some 
twelve or more hours later. Beginning at 72 hours of total development 
and every 12 hours thereafter sets of vials were transferred from 33° to 
25° for the completion of development and emergence of the adult flies. 
The larvae had great difficulty in forming puparia at 33°. Most of them 
moved up on the walls of the vials and crawled around on the surface of 
the glass for several hours until death resulted apparently from excessive 
drying. To overcome this hazard the larvae were removed from the walls 
of the vials with a moistened camel’s hair brush every 2 to 4 hours and re- 
turned to the surface of the food during the puparium formation period 
at 33°. With this procedure many of them succeeded in forming puparia 
and, if placed at a lower temperature presumably before the time of pupa- 
tion proper, succeeded in completing their development and emerging as 
adult flies. No emerged flies have been obtained from total development 
at either 32° or 33° with this stock. Total and partial development was 
tried repeatedly at 34°, 35°, and 36° without much success. 
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The accuracy of the incubators used was + 0.05° C., the temper- 
atures being determined through the double glass door with burette 
readers from standardized thermometers graduated to 0.1° C. The incuba- 
tors used in our laboratory for temperature work are all small units with 
only one shelf and an electric fan maintains a forced circulation of the air 
within the incubator. The thermostats are grids of glass tubing containing 
toluol and are closed by a mercury column having a movement in the cap- 
illary arm of an inch and a half per degree centigrade. The thermostat 
carries a very small current thus preventing sparking and fouling of the 
mercury surface and it controls the polarity on the grid of a radio tube. 
This in turn operates a telegraph relay carrying on its rocker arm a tube 
in which the heating circuit is made and broken in mercury, thus removing 
the common difficulty of frozen contact points in the heating circuit and 
the resultant death of the cultures. The lag is negligible and the heating 
circuit is made and broken on an average of once in 60 to 90 seconds. The 
air accuracy of these incubators is +0.05° C. but tests with thermocouples 
placed in the surface of the food in which the larvae are feeding show no 
perceptible fluctuation between the on and off position in the temperature 
of the food surrounding the larvae. This control mechanism will maintain 
a constant temperature for months without any adjustment. The 25° 
incubators were kept in a cold room (10° C.) which had a variation of less 
than 1° and the 30°, 31°, 32°, and 33° incubators were kept in a room 
where the temperature varied from 20° to 22° C. 

The right wings of the emerged flies were removed under a binocular 
microscope, mounted in 95 percent alcohol under a cover slip, projected 
with a compound microscope and a 500 watt lamp, and drawn. The linear 
magnification was 115. The lengths were determined by projecting a 
Leitz 2 mm slide ruled to 0.01 mm onto the drawings. The areas were 
determined with a Keuffel and Esser compensating polar planimeter no. 
4242. The mean values for each time interval were determined from the 
lengths and areas of an average of fifty males and fifty females except 
the last few points at each temperature. Due to the high death rate for 
long exposures these points are the mean value of twenty-five to forty 
surviving individuals. Six trials were made at each temperature. 


TEMPERATURE-EFFECTIVE PERIODS 
A. Preliminary tests 


The preliminary tests on the temperature-effective period were reported 
in London (HARN Ly 1930 b). They were made on the twelfth generation 
of brother-sister matings with transfers from 31° and 32° to 29° and recip- 
rocal transfers from 29° to 31° C. Since the preliminary experiments had 
shown that the temperature-effective period began late in the third day 
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of development it was not necessary in the final tests to make transfers 
from tke high temperatures to 25° before the first 48 hours of development 
had been completed. This allowed a check interval at the high tempera- 
tures of over 12 hours before the beginning of the critical period. 


B. Periods and growth curves for length and area 
The final experiments were performed at 30°, 31°, and 32° with transfers 
at 4-hour intervals to 25° C. and at 33° with 12-hour transfer periods. 
These experiments extended from the thirty-first through the fiftieth genera- 
tion of the sib matings. In figures 1,.2, and 3 are plotted the mean length 


© 


& 


Mean Wing Length in mm. 
fo) 


co 
es) 
oO 
= 
N 


Ficure 1 


of the male and female vestigial wings for the total developmental time in- 
tervals at which the individuals were transferred from the higher tem- 
perature to the 25° incubators for the completion of development and 
emergence. 

From the curves (smoothed by eye) it is evident that the temperature- 
effective period for wing length began for the males at 30° between 60 and 64 
hours and ended between 80 and 84 hours of total development, a duration 
of some 20 hours, and terminating 27 hours before the mean time of pu- 
parium formation (111 hours). At 31° the rise began in the curve for the 
males at the same time as at 30° (that is, 64 hours) but instead of leveling 
off at 84 hours it continued upward as a sigmoid curve approaching its 
asymtote at 112 hours, the mean time of puparium formation for this 
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stock at 31°. A rise of 1° had affected neither the length of the egg-larval 
: period nor the inception of the temperature-effective period but had 
changed the termination time; its duration being prolonged from 20 hours 
to 48 hours, an increase of 140 percent, accompanied by a 67 percent 
increase in wing length. Thirty-one degrees was close to the lethal point 
and 32° was above it for total development. Furthermore the larval period 
was prolonged something over 24 hours at 32° and the initiation of the 
temperature-effective period was retarded approximately 4 hours (68 
hours) in comparison with 30° and 31° (64 hours). The duration of the 
effective period was again 48 hours (to 116 hours), though puparium for- 
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mation did not come until much later. The wings of the males at 32° were 
; longer than those developed at 31°; this increase of 1° had not affected 
va the duration of the temperature-effective period but did result in a higher 
maximum rate of wing development. The major change in the vestigial 
wings of the males at 32° was in the area. Due to the high mortality during 
the latter part of the developmental period at 33° only sufficient data was 
obtained to establish the five points between 72 hours and 120 hours. The 


linear equation y =0.01592x —0.357 


: appears to describe these five points. 
; The female period for wing length at 30° began between 60 and 64 
: hours and ended between 68 and 72 hours of total development (puparium 
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formation 107 hours), an effective period of some 8 hours. Commencing 
at the same time at 31° the effective period was lengthened from 8 to 20 
hours, the curve leveling off between 80 and 84 hours. The termination 
point for the females at 31° was not associated with puparium formation 
which came some 30 hours later (114 hours). The growth curve for the 
females at 32° started approximately 4 hours later than at 31° but instead 
of leveling off around 84 hours it proceeded upward apparently as a 
straight line through the rest of the time interval examined. The linear 


y =0.01592x —0.391 


33°C. 


= 1.0 
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Ficure 3 


appears to describe all the points determined during this temperature- 
effective period with the exception of the first few points. It is obvious from 
the data and an inspection of the figures that the rises of 1° from 30° to 
31° and from 31° to 32° though they did not significantly affect the incep- 
tion of the temperature-effective period in the females did markedly affect 
its termination, the periods at 30°, 31°, and 32° being respectively 8, 20 
and some undetermined period more than 70 hours in duration. The five 
points at 33° for which sufficient data was obtained appear to fit the equa- 


tion y =0.01592x—0.326. | 


The equations for the females at 32° and the males and females at 33° 
differ only in the intercept, the slope being the same for all three. 
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: The close fit of the straight line drawn for the females at 32° to all 
the points determined experimentally, except the first few points in the 
7 temperature-effective period, raises the question as to whether or not the 
me beginning of this period was sharply defined in time. From the curves in 
figures 1 and 2, either the temperature-effective period began at the same 
moment in time for all the individuals and the rate increased during the 
first few hours, or individuals all of the same chronological age entered 
this critical period oi ontogeny at different times and each of the first two 
or three points represented more and more individuals in the effective 
period. Even the most superficial examination of the drawings for either 
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: sex at any one of these temperatures demonstrates. conclusively that the 
latter alternative was correct for both the beginning and end of the period. 
‘ The temperature-effective period as used here denotes that interval in 
| time from the entrance of the first few larvae into the critical period until 
the last have passed beyond it. The value is that of the whole population. 
In work of this type with D. melanogaster it is impossible to determine 
this value for a single individual since only one measurement in time can 
be made on it. The results presented here make possible a new technique 
by which more accurate values will probably be obtained in subsequent 
7 work with other alleles at this locus. Attention has been called to this prob- 
lem in recent work on the scute and Bar loci (Cu1~p 1935, MARGOLIS 
1935). 
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The wing areas are plotted against time of transfer in figures 4, 5, and 
6. When one considers the data for the males at 30°, 31°, and 32° in figures 
1 and 4 it is obvious that there are only minor differences in the curves 
and time intervals for the length and for the area of the wings. The effec- 
tive period for wing area began slightly later than that for wing length. 
It would seem that the beginning of the period involved a slight increase 
in length at the expense of the width with no resultant change in area. 
The termination times for both length and area seem to have coincided 
at each temperature. For area as for length the duration of the tempera- 
ture-effective period was prolonged markedly with a rise of 1° from 30° 
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to 31° and there was a pronounced increase in the maximum rate with no 
significant change in the duration at 32°. The major change in wing form 
from 31°to32° was in the width and area of the wing accompanied by only a 
minor increase in wing length. The curve for area at 33° was very definitely 
not linear and the wing forms were similar to those at 32° for the males. 

The changes in wing length and wing area for the females were likewise 
very similar. The beginning of the temperature-effective period seemed to 
come a little later for wing area than for wing length but they both ended 
apparently at the same time for each temperature. The rises of 1° from 
30° to 31° and from 31° to 32° each lengthened the effective period signifi- 
cantly. The five points determined for wing area of the females at 33° 
were not linear. 
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The sexual dimorphism previously reported at high temperatures 
(RoBerts 1918; HAaRNLy 1930a, b; STANLEY 1928, 1931) was obviously 
due to differences between the males and the females both in rates of 
“wing formation” and durations of the effective period at each tempera- 
ture. At 30° the length of the temperature-effective period of the males 
was several times that of the females. The effective period for the females 
at 31° was 20 hours (male duration at 30°) and the curve was practically 
identical in time with that for the males at 30°, but with a higher value 
throughout. However, the male duration had changed at 31° from 20 
hours to 48 hours, continuing the sexual dimorphism at this temperature. 
A rise of 1° did not modify the inception of the temperature-effective 
period but had retarded its termination differently for the two sexes. The 
same length and area was attained in the wings of the males and the fe- 
males at 32° but it is very evident from the curves that the growth proc- 
esses were markedly different and the effective period was probably 
considerably longer for the females than for the males. If they could have 
been carried for a longer period at 32° the curves indicate that the wings 
of the females might have been larger than those of the males at this 
temperature. In the trials at 32° sets of vials were carried for transfer 
periods considerably beyond 132 hours since it was known that puparium 
formation came later there. Unfortunately 132 hours was practically the 
time toleration limit and only a few individuals were obtained beyond 
that point. These occasional survivors had still larger wings and, though 
they do not prove it, agree with the assumption that if development 
could go through to completion of the temperature-efiective period for 
the females at 32°, the two sexes would still show a difference in wing size, 
but at this point the wings of the females would be larger than those of 
the males; a complete reversal of the sexual dimorphism to that found in 
the wild type wings. 

In the light of this assumption the curves for the males and the females 
at 33° are of interest. The mean values for the wings of the females were 
larger than those of the males at the five points examined between 72 
and 120 hours (figures 3, 6), a reversal of the position of the growth curves 
of the two sexes for vestigial. It has been shown that the wild type wing 
and many other structures vary inversely with temperature (Lutz 1913, 
ALPATOV and PEARL 1929, ALpatov 1930b, E1GeNBRopT 1930, Imar 1933, 
STANLEY 1935). STANLEY (1935) has found that the wings of homozygous 
long-winged (wild type) females were consistently and markedly longer 
than those of the males for each transfer interval during the temperature- 
effective periods at 17°, 27°, and 30° C. and the longer the developmental 
period passed at the higher temperatures, the smaller the wings. Both 
variation with temperature and with time and the relative sizes of the 
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wings of the two sexes were reversed in homozygous vestigial flies as op- 
posed to the normal allele. But at 33°, though the wing size still increased 
with time its relative size for the males and females had been changed 
toward the wild type condition. This indicates that there had been a 
change in the developmental processes producing in these curves of the 
male and female vestigial genotypes at 33° a partial simulation of the 
normal long-wing genotype growth curves. However it was only a partial 
simulation since wing size for the vestigial flies still varied directly with 
the length of time the larvae were exposed to 33°. Furthermore there was 
never any close approach to the normal phenotype in either sex genotypi- 
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cally homozygous for vestigial. As I have pointed out before (HARNLY 
1932), the mutant gene vestigial seems to determine the minimum and 
maximum size of the wings, the potential size being determined by the 
vestigial gene together with other genes affecting the wings and the exact 
expression is determined by the gene complex acting in a specific environ- 
ment during development. 

From the data presented above it was evident that the temperature- 
effective period ended long before the time of puparium formation for the 
males and the females at 30° and for the females at 31° though here the 
two events seemed to coincide in the males. At 32° the effective period 
terminated in the males long before puparium formation but this relation- 
ship could not be determined for the females due to the lethal effect of 
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exposures beyond 132 hours at this temperature. An experiment was per- 
formed to determine whether or not the effective period had ended in the 
males by the time puparia were formed at 31°. 


C. Termination test 

Eggs from the same parents were obtained by repeated 1-hour egg- 
laying periods and allowed to hatch at 25° (24 hours development). The 
vials were then transferred to 31° for the larval period. With the beginning 
of puparium formation hourly examinations were made and the newly 
formed puparia isolated on agar-agar slants in vials. Each hourly set of 
puparia (prepupae) from a given vial were divided into three groups, 
consequently any differences due to the number of hours passed in the 
egg-larval period would be uniformly distributed through the test. At 
each hourly isolation the first group of puparia were immediately placed 
at 25° for further development and emergence; the second group of iso- 
lated puparia passed an additional 6 hours at 31° and were then trans- 
ferred to the 25° incubators; and the third group spent 12 hours more at 
31° (by which time pupation proper had occurred in all of them) before 
they were placed in the 25° incubator for further development and emer- 
gence. There was no further increase in size due to exposure to 31° beyond 
the hour of puparium formation. 


TEMPERATURE AND GENERAL RATE OF DEVELOPMENT 


Any interpretation of the results depends on whether these high tem- 
peratures affected proportionately or disproportionately the duration of 
the effective period and the duration of the general developmental periods, 
especially the duration of the egg-larval period. The following experiments 
were performed to answer this question. 


A. Methods 

The usual procedure for the exact timing of development was followed 
(Li 1927, HARNLY 1929). Single pair matings of the inbred vestigial flies 
were used. The eggs were deposited on blotting-paper slips which were 
then placed on end in 1X4 inch vials containing food 25 mm deep. All 
the eggs were laid during 1-hour periods at 25° C. At the end of this inter- 
val the slips were removed and so distributed that approximately equal 
numbers of eggs from each female were placed at 25°, 29°, 30°, 31°, and 
32°. All subsequent development took place at the temperatures indicated. 
Hourly examinations were made during the hatching period and at the 
time of puparium formation. Each puparium was placed on a 2 percent 
agar-agar slant in a separate vial. The time of emergence and sex of each 
adult was determined by hourly examinations of these isolated puparia 
during the emergence period. 
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B. Effects on the rate of development 

The mean duration of the embryonic period (hours required to hatch 
the eggs) was 21.7 hours at 25°. This was practically the same value found 
previously for vestigial flies and the frequency curve conformed to the 
earlier one showing no signs of a bimodal distribution (HARNLY 1929). 
The frequency distribution curves for hatching at the higher temperatures 
were also simple sharp unimodal curves. The maximum effect occurred 
between 25° and 29°, and over the range of 29° to 32° there was no signifi- 
cant change in the duration of this developmental period (19.4 to 19 hours). 
The major effect of temperature on the length of the embryonic period 
occurred below the critical temperatures which were found to increase the 
size of the vestigial wings (30°07 31°92 

The durations of the egg-larval periods (hours from egg-laying to pu- 
parium formation) for the males and the females are stated in table 1. 
An increase of 4° (25° to 29°) reduced the egg-larval period 17 hours (14 
percent) for the males and 10 hours (8.6 percent) for the females, these 
changes appearing in a temperature range below the critical points for 
the wings of the males and the females. A rise from 29° through the critical 
point for the vestigial wings of the males to 30° produced an increase of 
6.7 hours in the egg-larval period of the males, but no change occurred in 
the duration of the egg-larval period for the females. Conversely a rise in 
temperature through the critical point for the wings of the females from 
30° to 31° had only a very slight effect on the egg-larval period of the males 
but lengthened this period 7.2 hours for the females. The lethal point for 
complete development of the vestigial winged flies was practically reached 
at 31°, very few adults emerging, and had been passed at 32°. Conse- 
quently the egg-larval period was determined for those larvae which 
formed puparia at 32° and as no adult flies emerged the sexes were not 
separated. 


TABLE 1 
Duration of developmental periods in hours, 4 trials. 


EGG-LARVAL EGG-LARVAL-PUPAL 


MEAN+ P.E. MEAN+ P.E. 

Toul 121.35+1.37 10.37 229.81+1.48 11.18 

117.37+1.09 8.38 219.42+1.39 10.50 
298 104.14+0.82 6.53 192.69+0.91 7.26 

106.78 +0.87 8.26 192.63+0.96 9.13 
300 110.86+1.61 12.83 195.79+1.10 8.75 

106.83+0.82 5.95 189.88 +0.83 6.02 
31d" 112.22+1.03 4.59 199.78+1.42 6.32 

114.00+0.97 3.22 197 .80+1.63 5.42 
32 14C 0741.64 18.55 


96 MORRIS HENRY HARNLY 


From the egg-larval-pupal periods and the differences between them 
and the egg-larval periods in table 1 there was evidently little change in 
this period above 29° through the critical temperatures for the males and 
the females (30° and 31°). The pupal period may be ignored in this dis- 
cussion since there was no differential effect of temperature through the 
critical range, and since it has been shown above that the temperature- 
effective period fell entirely within the larval period of development. 

The difference of 6.7 hours in the egg-larval periods between the males 
at 29° and 30° represented an increase of 6.4 percent in this period and was 
3.72 times the probable error which is just statistically significant and is 
based on only a very limited number of surviving individuals. In compari- 
son with this small and questionable increase of the egg-larval period from 
29° to 30° a pronounced lengthening of the wings by some 35 percent 
occurred with the same rise of 1° in temperature (HARNLY 1930a). Fur- 
thermore at 30° the temperature-effective period was 20 hours and bore 
no obvious relation to either the small questionable increase of the egg- 
larval period or to the periods found by STANLEY (1931) at 17° and 27°. 
As has been shown above with identical egg-larval periods at 30° and 31° 
there was an increase of 140 percent in the duration of the temperature- 
effective period and the wings were lengthened 67 percent at 31°. The 
same situation was found throughout for the females. In the light of these 
facts and all the data it seems probable that the effects of temperature 
above 29° on the duration of the major periods of development (embry- 
onic, egg-larval, and egg-larval-pupal) offer no explanation of either the 
critical temperatures or the sexual dimorphism. Temperature through its 
effect on the duration of the critical period for wing development and the 
rate during that period affects not only the length and area of the wings 
produced, but also through the same processes the wing form or pattern. 
The result is not simply more wing of the same kind but a definite ordered 
progression toward the normal type of wing. 


GROWTH PATTERN OF WING FORM 


Genotypically homozygous vestigial flies show an interesting succession 
of phenotypes when reared at 29°, 30°, 31°, and 32°. Typical vestigial 
wings are produced at 29° and all temperatures below this point. The 
wings of the females reared at 30° are still typical but those of their bro- 
thers are much larger and in appearance markedly over-sized vestigial 
wings. The wings of the females at 31° have increased greatly in size as 
the male wings did at 30° and in form are the same type of over-sized or 
giant vestigial wing. But the wings typical for their brothers at 31° are 
no longer vestigial but the equivalents of the mutants strap to antlered . 
in phenotype. Finally at 32° these genotypically vestigial males and 
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females have wings that are phenotypically the equivalent of exaggerated 
notched, or the heterozygote Wild/Carved mutants with parts of the 
lateral margins missing in many cases. The changes of this genotype with 
temperature simulating phenotypically other alleles of vestigial reared at 
25°, together with the complete progression of the genotype dimorphos 
vestigial through the vestigial allelic series from the phenotype vestigial 
at 16° to strap, antlered, Snipped, notched, Carved, vestigial-Beaded, 
nick, nicked, and finally wild or normal at 32°, and the fact that the homo- 
zygous genotype dimorphos vestigial through the temperature range of 
16° to 32° duplicated all of the phenotypes produced in Mour’s (1932) 
combinations of mutants at the vestigial locus at 25° C., led to the pro- 
pounding of a theory of wing pattern in development in time and the 


100 104 HOURS 108 116 16.132 
MAXIMUM WING 


Ficure 7 


hypothesis that mutations at the vestigial locus involved changes in the 
rate and duration in time of wing development (HARNLY and HARNLY 
1935). It must be remembered that mutations at this locus show changes 
in the form and amount of parts of the wing present, not changes in size 
only as in some of the other wing loci. The pattern theory advanced in- 
volved first growth longitudinally in the region of the II, III, and IV 
veins with no marked development in width beyond them, followed by 
growth mainly in the regions of the I and V veins, resulting in a pronounced 
increase in the width and area of the wing, the last part of the wing devel- 
oped being the distal margin in the region of the III and IV veins. The 
same phenotype series has been found for the vestigial genotype in time 
of development. | 

This pattern series in ontogeny is shown in figure 7. These wings were 
the mean types for males spending the number of hours indicated at 32° 
and completing their development at 25°. The wing at 88 hours was simply 
an enlarged vestigial wing with a length of 1.01 mm. It was equivalent to 
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the wings of the homozygous vestigial males reared at 30° (HARNLY 1930a). 
Growth from then on was mainly longitudinal in the region of the II, 
III, and IV veins. Twelve hours later (100 hours) the wing was passing 
through a stage resembling the vestigial-strap mutant, many of the wings 
being indistinguishable from the published figures of strap wing. Four 
; hours later (104 hours) the wings were similar to the allele antlered wing 
figured by Mour (1932). Beyond this interval the bulk of the growth in- 
: volved the regions of the I and especially the V veins with only minor 
: increases in length. The maximum wing type was obviously a slight ex- 
aggeration of the vestigial allele notched-wing. The vestigial genotype dur- 
ing its development at 32° had passed in phenotype successively through 
the alleles vestigial, strap, antlered, and notched. The sequence of wing 
patterns for the females at 32° was the same, but had different time values 
since the rate was much slower in the females (see figures 1 and 2, 4 and 5). 
; There was a definite pattern of wing development in time at 32°. 
The same series can be demonstrated at 31°. The duration for the males 
; at 31° and 32° was 48 hours but the rate at 31° was much slower. Conse- 
quently the mean wing attained at the end of the critical period was 
between the two wings shown for males at 32° of 100 and 104 hours of 
development. The period for the females at 31° was much shorter than 
that at 32° and the wings only reached a value between those of 88 and 
: 92 hours for the males at 32° (figure 7). Changes in duration and rate with 
4 temperature changes had not affected the fundamental pattern of wing 
7 development; they simply determined the extent of the expression of that 
‘ pattern in space. These changes in wing form with changes in duration or 
rate, together with the sequence of wing forms in time shown in figure 7, 
are in complete agreement with our hypotheses stated above and ad- 
Z vanced recently (1935). 


DISCUSSION 


The facts established by the data presented here are: (1) beginning 1° 
below the critical temperature and extending through 29°, 30°, and 31° 


“i there were no significant changes in the duration of the embryonic, egg- 
larval or egg-larval-pupal periods; (2) their durations were practically iden- 

tical for both sexes and all three temperatures; (3) the beginning of the 
5 critical period affecting wing formation at 30°, 31°, and 32° for the males 
in and the females was the same (approximately 64 hours of total develop- 
: ment) ; (4) the termination of this critical period varied with the sex and the 

A temperature, its duration for the males being 20 hours at 30° and 48 hours 


at 31° and 32°, and for the females 8 hours at 30°, 20 hours at 31° and some 
undetermined time greater than 70 hours at 32°; (5) the rate of the devel- 
opmental reactions involving the wings changed with temperature, that 
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is, the duration for the males at 31° and 32° was 48 hours but the maximum 
rate at 32° was higher than that at 31° resulting in a much larger wing 
at 32°. With a constant developmental period for the whole organism, and 
a constant point in that period for the inception of the reactions involving 
the development of the wings, there were changes in both the duration and 
the rate of these reactions with changes in temperature. Obviously we 
are dealing here with an example of a differential effect of temperature 
on various, as yet undetermined, developmental processes. (6) From the 
wing types produced by homozygous vestigial, homozygous dimorphos 
vestigial, homozygous pennant, heterozygous pennant/vestigial, and di- 
morphos/dimorphos pennant/vestigial through the range of 16° to 32° 
and from the wings produced in the temperature transfers just dis- 
cussed it has become evident that (a) there is a definite pattern of wing 
development in time, (b) the degree of expression is dependent on the dura- 
tion and rate of processes occurring in the larval period of the vestigial 
genotype, and (c) apparently mutations at the vestigial locus affect the 
duration and rate of these developmental processes. Any attempted gen- 
eral interpretation of these facts must fit both the data presented here 
and the results of STANLEY (1931, 1935). 

STANLEY (1931) reported on the temperature-effective periods at 17° 
and 27° C. for vestigial wing and recently (1935) on those at 30° and 31° 
for vestigial wing and 17°, 27°, and 30° for the wild type normal allele of 
vestigial wing together with the heterozygotes at 17° and 27° C. With 
two temperatures common to his work and the data presented here certain 
comparisons can be made and conclusions may be drawn. Both his work 
(1931) and mine (1930a) show the same critical temperatures for the 
vestigial wings of the males and for the wings of the females. But there 
are significant differences for wing length at the higher temperatures 
resulting in somewhat different curves; differences on the whole constant 
and consistent in all our experiments. 

His wing length for total development of males at 29° was 0.98 mm and 
mine 0.74 mm; at 30° we obtained 1.52 mm and 1.00 mm respectively; 
and at 31° we differed by 1.64 mm and 1.70 mm. The same differences 
were again consistently present in the maximum mean wing length for 
the males in his transfer experiments from 30° and 31° to a lower tempera- 
ture and in the data presented here for the transferred males at those 
temperatures. Similar consistent differences throughout were evident for 
the females. My own stock was inbred and selected, STANLEY’s stock was 
inbred but unselected. It is obvious, I believe, that we were dealing with 
different sets of sex-linked and autosomal genes modifying the action of 
the vestigial gene. The validity of such an assumption is indicated by 
STANLEY’s selection and tests at the end of his experiments (1935). He 
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found that some of his heterozygous Wild/vestigial flies had “beaded” 
wings. From his original inbred and unselected vestigial S V A line he 
selected two new lines, S V B comparatively free of the modifying genes, 
and S V C practically homozygous for them. These three vestigial stocks 
were then tested at 29.5° and found to be significantly different in wing 
length. He says “Since 29.5° is very close to the ‘critical temperature’ 
for wing length, two assumptions are possible: (1) the critical tempera- 
ture is shifted upward by the presence of the factors, or, (2) the factors 
have a direct inhibitory effect upon wing length. It is impossible, with the 
data available, to say which of these two assumptions is nearer the truth.” 
In his case either may be correct. We have shown recently (HARNLY and 
HarNLyY 1935) that the critical temperature of vestigial may be lowered 
as much as 5° by the presence of the sex-linked modifier dimorphos. From 
the consistency of the values obtained throughout his work and through- 
out mine and the evidence advanced for the presence of modifying genes 
we may assume that those points in which our results differ were due to 
the presence of different sets of modifying genes. 

In view of those differences it is significant that we are in practical 
agreement on the moment in development at which temperature becomes 
operative. We have both found the first indications of this action in the 
vestigial flies (males and females) around 64—68 hours of development at 
30° and 31° and I have found the same point at 32°. STANLEY reports 
68 hours as the critical point at 30° for homozygous Long-winged flies. 
The similar time of inception of the critical period in development for the 
wings at these temperatures in the homozygous normal allele of vestigial 
and in homozygous vestigial with either of two sets of modifying factors 
would all indicate that its initiation was probably not due so much to 
the vestigial gene or its normal allele as to the reaching of some general 
stage or process in larval development. From CueEn’s work (1929) this 
stage morphologically cannot be either the first appearance of the dorsal 
mesothoracic buds, which comes much earlier in development, nor the 
first appearance of the wing buds which comes much later in ontogeny. 
The work of ALpatov (1929, 1930a) on the development of wild and 
vestigial larvae indicates that the most probable morphological point of 
attack is the molt between the second and third instars. Tentatively then 
I am assuming that the critical period in wing development at these high 
temperatures is initiated in time by the molt from the second to the third 
instar. This assumption has one major advantage over the others that 
might be advanced, the facility with which it may be proved or disproved. 
By the use of a new technique it is hoped to substantiate or invalidate 
this assumption in the determination of the temperature-effective period 
for pennant, a new regressive mutation from vestigial to a recessive wild 
or normal type wing. 
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Our close agreement on the beginning of the temperature-effective 
period together with both the marked differences in our end points in 
time at 30° and 31°, and the pronounced changes I have found in the time 
of termination at 30°, 31°, and 32°, indicate that the beginning and end 
of this period were determined by different and independent processes. 
Furthermore, as I have shown above, the processes ending this critical 
period were not associated with the effects of temperature on the general 
rate of development. Without any change in either the length of the egg- 
larval period or the time at which the temperature-effective period began 
at 30° and 31°, there was an increase of 140 percent in the duration of the 
critical period with this rise of 1° for the males of our vestigial stock. 
Similar results were obtained for the females. This rise of 1° in some way 
enabled the vestigial gene to continue its activities much longer in associa- 
tion with the rest of the gene complex controlling those processes leading 
to wing development. This interpretation agrees with the assumption that 
the vestigial mutation produced a gene operating within the refractory 
temperature limits for a much shorter interval of time and a different 
rate from its normal allele, consequently producing during ontogeny less 
of the precursor of the ultimately formed wing bud. The differences in 
the termination points and the duration of the egg-larval periods as re- 
lated to the duration of the temperature-effective periods determined at 
30° and 31° by SranLey and myself were probably due to the different 
sets of modifiers present in our vestigial stocks. That even a single modifier 
may have a profound effect on the action of the vestigial gene was shown 
by the fact that the mutant sex-linked modifier dimorphos enabled the 
vestigial gene to produce wild-type wings at these high temperatures 
(HaRNLY and Harnty 1935). We may conclude that the initiation of the 
temperature-effective period at these high temperatures was dependent on 
the attainment of some developmental stage (probably the molt from the 
second to the third instar) and that its termination was independently 
determined by the response of the wing gene complex to specific tempera- 
tures, the consequent durations in my stock being disproportional to the 
duration of the larval periods in which they occurred. The rates of the proc- 
esses concerned with wing formation were likewise dependent on or 
related to the temperature experienced during the critical period of devel- 
opment. Any attempt to explain further the action of the vestigial gene 
and its relation to temperature would be hazardous at this time. The 
responses of its allele pennant and the heterozygote pennant/vestigial 
in total development through the temperature range of 16° to 32° preclude 
any explanation in terms of the data available at present. These experi- 
ments with pennant and pennant/Vvestigial have been completed and will 
be reported shortly. 
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GOLDSCHMIDT in the course of his extensive studies on Lymaniria dispar 
presented in 1920 a general theory of the action of the genes in develop- 
ment, a theory which he has evolved more completely since then (GoLp- 
scHMIDT 1934, complete bibliography). This theory is based on his work 
on intersexuality and pigmentation patterns in the larvae and assumes 
that the genes affect the rates and durations of processes in ontogeny. 
The data presented here on vestigial are in agreement with his hypothesis. 


SUMMARY 


1. The temperature-effective periods for the length and area of the 
vestigial wings of an inbred selected stock of D. melanogaster are reported 
for 30°, 31°, and 32°. 

2. The critical period began at approximately 64 hours for both sexes 
at these temperatures. It had a duration of 20 hours at 30° and 48 hours 
at 31° and 32° in the males and 8, 20, and some interval more than 70 
hours for the females. Rises of 1° at these temperatures did not affect the 
inception of the period but markedly affected its termination and the rate; 
that is, in the males at 31° and 32° with no change in duration there was 
a marked increase in the rate. 

3. The differences between the sexes in duration and rate with increases 
of 1° afford a formal explanation of the sexual dimorphism of the wings. 

4. A complete reversal of the relative sizes of the wings of the males 
and the females was found at 33° for all developmental points examined. 

5. There was never any close approach to the wild type wing at these 
high temperatures. The growth pattern of wing form in time is shown and 
related to the alleles at the vestigial locus and the theory of wing pattern 
and mutation stated in an earlier paper. 

6. The duration of the embryonic, egg-larval, and egg-larval-pupal 
periods were determined at 25°, 29°, 30°, 31°, and 32°. Pronounced dif- 
ferences in the length of these periods were found between 25° and 29°. 
No significant changes occurred in their duration at 30° and 31°. The 
effects of temperature above 29° on the duration of the major periods of 
development offer no explanation of the critical temperatures, the sexual 
dimorphism, or the increase in wing size. The results must be due to a 
differential effect of temperature on various processes during ontogeny. 

7. The inception of the critical period in development is interpreted as 
occuring at the molt from the second to the third instar at these high 
temperatures; its termination is apparently independently determined by 
the gene complex (including sex) and the temperature experienced, the 
consequent durations being disproportional to the durations of the larval 
periods. The rate is likewise dependent on the gene complex and the tem- 
perature. 
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INTRODUCTION 


HE importance of host resistance as a factor in determining the 
f pein of infectious disease has been emphasized in recent studies. 
The methods developed in the study of genetics have provided a prac- 
tical means of investigating the problems of host resistance and from the 
accumulated data there can be no doubt of the existence of heritable 
factors which affect the response of the individual to infection. A bibliog- 
raphy of the more important contributions in this field is given in a review 
of the subject by Hrit (1934). The experiments to be reported here give 
evidence of the presence of such factors influencing the incidence of a virus 
disease, yellow fever. 

The susceptibility of mice to the virus of yellow fever was demonstrated 
by THEILER (1930). SAwyER and Lioyp (1931) tested the suitability of 
mice as test animals in the study of yellow fever immunity and found 
that different strains of mice varied in susceptibility to this virus, ranging 
from 100 percent to 50 percent mortality with standard dosage of virus. 
This information was not only of practical value in the work on yellow 
fever immunity, but also indicated the operation of genetic factors in 
yellow fever resistance. On this basis the following investigation was 
undertaken. 


METHOD OF TESTING 


Since yellow fever infection occurs in mice only as an encephalitis, test 
inoculations were made by intracerebral inoculation while the mice were 
under ether anaesthesia. Susceptible mice when so inoculated with a virus 
“fixed for mice” show a typical paralysis which usually occurs on the fourth 
or fifth day after inoculation and terminates in death within one day from 
onset. Mice showing no paralysis in ten days are classed as survivors and 
are discarded. 

The virus selected had been “fixed” by passing in mice from brain-to- 
brain for over 100 passages and had reached its maximum virulence for 
this animal. To obtain approximately equal dosages, a virus was used 
which had been preserved by drying while in the frozen state, in which 
form SAWYER, LLoyp, and KircHEeN (1929) have shown its virulence to 
be retained over a period of years. The dried virus was diluted with a 
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sufficient quantity of suitable diluent to yield a final concentration in 
which approximately 30 minimum lethal doses were contained in 0.03 cc., 


. which amount is inoculated intracerebrally into the mice to be tested. 


However, for certain technical reasons concerned with the drying of virus, 
tubes opened at different times vary in virus content, and since the keeping 
quality of the virus is such that titrations cannot be completed before 
the virus activity is lost, the doses are not uniform. To overcome this 
difficulty the contents of several tubes are pooled for each test and to 
demonstrate viability of the virus a number of unselected Swiss mice are 
inoculated with each virus suspension used. 


MATERIAL 


The “Swiss“ strain was chosen as a source of susceptible animals. The 
foundation stock consisted of 2 males and 7 females obtained in 1926 from 
Dr. A. de Coulon in Lausanne, Switzerland. The individuals used in these 
experiments were taken from lines, some of which were inbred brother by 
sister and others partly pen inbred. SAwyER and Lioyp (1931) had pre- 
viously tested mice from a branch of this stock, observing 100 percent 
mortality in each of two lots consisting of 30 and 23 mice respectively. 


TABLE 1 


Mortality percentages of mice from the Swiss and Det strains. Preliminary tests 


er TESTED DEAD DEAD DIFFERENCE x 
Sawyer and Swiss (test 4) 30 30 100.0 
Lynch and Det 88 58 a = ad 


The strain selected as a source of resistant stock had also been tested 
by SAWYER and Lioyp. Although in their tests the lowest mortality had 
been given by the “Rockefeller Institute Stock,” certain practical consider- 
ations led to the choice of stock referred to by SAWYER and LLoyp as 
“Strain D” and designated by us as “Det.” Five pairs were purchased 
and they and their descendants were inbred, usually brother by sister, 
but occasionally parent by offspring. Mice from the second to the sixth 
generations were used in these tests. 

In the hands of SAwYER and Lioyp, the Det mice had a mortality of 
81.5 percent (table 1), about 18.5 percent lower than the Swiss strain; 
however, the comparison may not be accurate since the two groups were 
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inoculated with different virus preparations. A preliminary test of the Det 

: mice in our colony resulted in a distinctly lower figure: of 88 mice inocu- 
; lated, 65.9 percent succumbed. Among 138 Swiss mice tested with the 
i identical virus preparation, there was 97.1 percent mortality. The dif- 

14 ference is 31.2 percent and the x’ test for the significance of the difference | 

; gives P as <.01. This result confirmed our choice of material since the 
f divergence of the strains is sufficiently great to warrant a cross between 
them. Therefore matings were made between representatives of the Det 
* and Swiss strains and the hybrids thus produced were crossed back to 
: the parental strains, sometimes to the original parents. The resulting pop- 
ulation was divided into two lots and was inoculated with virus. Variations 
in the rate of reproduction together with exigencies of time and laboratory 
space prevented a regular scheme of distribution into two groups so par- 
ents and their offspring were not always inoculated together. During the 


% course of the experiment some animals died of intercurrent disease before 
u their reaction to yellow fever virus could be determined. Not all individ- 
i uals of the P; and F, generations contributed offspring to the experiment. 


RESULTS 
% The first test included samples from all the generations under observa- 
s tion (table 2). The original strains were represented by 39 Swiss and 18 
Det mice. Upon inoculation all the Swiss mice succumbed, while the 
TABLE 2 


Test I. Mortality percentages of representatives of the parental strains, F, and backcross progeny 


. 

| 

NUMBER NUMBER PERCENT PERCENT 

GROUP x? P 

TESTED DEAD DEAD DIFFERENCE | 

re Swiss 39 39 100.0) | 


22.2 9.32 <.01 


Det 18 14 77.8) 

F, (Swiss X Det) 37 31 83.8 

Backcross Swiss) 146 137 93.8| 

Backcross Det) 99 70 70.7 


mortality rate of the Det mice was 77.8 percent. The difference between 
the strains, when measured by the x? test is significant, x?=9.32 and P 
y = <.01. Thirty-seven individuals were available for examination in the F; 
generation obtained from the cross Swiss by Det. Of these 31, or 83.8 
percent died—a mortality not much higher than that of the Det and 
significantly different from that of the Swiss strain (x?= 6.86; P= <.01). 
In the backcross generation somewhat larger numbers are dealt with, the 
two classes comprising 146 and 99 animals respectively. The descendants . 
produced by crossing the hybrid to the more susceptible strain showed a 
heightened mortality (93.8 percent) while the mice resulting from the 
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backcross to the less susceptible stock showed a decreased mortality (70.7 
percent). This difference is greater than would be expected on a basis of 
random sampling of the same population, having a x? value of 24.08 and 
P= <.01. 

The second test also included representatives of the five classes (table 
3). Only 8 Swiss mice were available but again the mortality was 100 per- 
cent, while 61 mice from the Det strain showed only 50.8 percent mor- 
tality—the lowest rate yet observed. The F; had a mortality of 65.4 per- 
cent. Compared with the Swiss strain the difference in mortality is proba- 
bly significant (x?= 3.76; P=.05). The backcross progeny produced by 
mating the F, hybrids to the more susceptible strain showed a mortality 
of 70.2 percent while in the backcross to the less susceptible strain the 
mortality was reduced to 50.0 percent. The difference between them is 20.2 
percent, about the same as in the first experiment, and is also mathe- 
matically significant (x?=8.32 and P= <.01). 


TABLE 3 


Test II. Mortality percentages of representatives of the parental strains, F, and backcross progeny 


GROUP NUMBER NUMBER PERCENT PERCENT x P 
TESTED DEAD DEAD DIFFERENCE 
Swiss 8 8 100.0 
(Swiss X Det) 26 17 65.4 
Backcross (FX Swiss) 114 80 70.2 


In comparing the two tests certain similarities are apparent. In both 
cases there is a significant difference between the susceptible and partially 
resistant stocks, the hybrids are more like the resistant strain and the 
backcross groups have a heightened or lowered mortality depending on 
the degree of susceptibility of the parent stock to which the backcross was 
made. On the other hand, the dissimilarities are so marked that it becomes 
doubtful whether the figures of the two tests should be combined. Each 
class in the second test has a lower mortality than its corresponding set 
in the first test, with the exception of the Swiss in which only 8 individuals 
were used in the second test. The samples of the parental Det strain gave 
significantly different mortalities in the two tests and the backcross prog- 
eny from the susceptible strain showed no greater mortality in the second 
test than did the backcross progeny from the resistant strain in the first 
test. Since in all probability the quantity of virus in the inoculum varied 
between tests, the lower mortality rate in the second test may reasonably 
be referred to this difference in virus content. However, a further genetic 
analysis of the data is possible. Some of the hybrid parents were back- 
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crossed in the two directions. We find that, in the first experiment 4 F; 
parents, and in the second test 6 F; parents were mated with individuals 
from each stock. Their offspring are listed in tables 4 and 5. These tables 
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TABLE 4 
Test I. Mortality rates of the progeny of the same F, individual backcrossed to both parental strains 


BACKCROSS PROGENY 


IDENTIFICATION FROM Fi XDET FROM Fi XSWISS 
NUMBER OF F; SIGNIFICANCE OF 
PARENT NUMBER NUMBER NUMBER NUMBER DIFFERENCE 
DEAD ALIVE DEAD ALIVE 

a 69.0 8 6 14 0 

o 70.0 5 Z 22 1 

Q 54.1 5 1 6 0 

Q 54.3 4 0 5 0 
Total 22 9 47 1 x?= 12.37 P= <.01 
be Percent dead 71.0 97.9 


show in detail the degree of regularity with which these individuals pro- 
duced offspring with unlike mortality ratios among siblings resulting from 
contrasted matings. The totals again indicate hereditary differences. 


TABLE 5 
Test II. Mortality rates of the progeny of the same F, individual backcrossed | 
to both parental strains | 


BACKCROSS PROGENY 


IDENTIFICATION FROM Fi XDET FROM Fi XSWISS { 
HUMBER OF Fi SIGNIFICANCE OF i 
aaa NUMBER NUMBER NUMBER NUMBER DIFFERENCE 
DEAD ALIVE DEAD ALIVE 
Q 68.20 0 5 10 0 
9 55.40 1 2 3 0 
9 55.25 1 4 7 5 
9 61.46 0 11 10 2 
0100.00 6 12 9 8 
3101.00 1 0 6 3 
Total 9 34 45 18 x’?= 26.08 P= < 01 
Percent dead 20.9 71.4 i 


A more exact comparison may be made between the offspring of the 
various types of mating when the susceptibility of both parents is known. 
The animals for which this information is available are grouped in table 6. 
In the first test all of the immediate progeny in any generation resulting 
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from crosses between two susceptible parents may be compared with the 
progeny resulting from matings in which only one parent was susceptible. 
There were only 9 mice available in the second class but their mortality 
was 22.2 percent as contrasted with a mortality of 91.4 percent among 
those with two susceptible parents. In the second test the figures for the 
corresponding classes are 27.6 percent and 69.6 percent, again a significant 
difference. In addition there was a third class comprised of 15 individuals 
with two resistant parents. In this group there was but one death, a mor- 
tality rate of 6.7 percent; however, this figure is not significantly lower 
than that given by the offspring from unlike parents. 


TABLE 6 


Mortality percentages among mice classified as to whether both parents were susceptible, only 
one susceptible, or both resistant 


NUMBER NUMBER PERCENT PERCENT 


TEST PARENTAGE x? P 
DEAD ALIVE DEAD DIFFERENCE 
I SxS 74 7 91.4 
SXR 2 69.1 29.47 <.01 
II sxs 16 7 69.6) 
SXR 8 1 27.6 42.0 9.10 <.01 
RXR 1 14 20.9 2.66 .10 


S=Susceptible. 
R= Resistant 


By this classification also the values obtained in the two tests are not 
similar. In the first test the mortality in the population derived from 
susceptible parents was 91.4 percent while in the second test it was only 
69.6 percent. Since it has not been shown that the parental matings were 
between homozygotes, the genetic expectation for these values cannot be 
computed. However, as a whole the data seem sufficient to justify the 
conclusion that the type of parentage and the susceptibility of the off- 
spring are correlated. 

On the assumption that the two tests may properly be treated as self- 
contained units, an inquiry into the homogeneity of the groups of which 
they were composed was undertaken. The Lexian ratio was used to test 
the dispersion of the probabilities of death among the litters in each group, 
although the numbers dealt with in some cases were small. In the pre- 
liminary study of the Swiss, the sibling relationships were known for only 
96 mice but this number which contained the only four resistant animals 
of the group proved homogeneous (table 7). While the Det stock ap- 
peared uniform in the first test, all of the mice used as progenitors were 
not tested and the larger population used in the second test was not homo- 
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geneous. The F; hybrid generation gave different results in the two tests. 
The backcross progenies lacked uniformity but homogeneity was shown 
in the groups classified on a basis of parentage. 
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TABLE 7 
Tests for the type of dispersion of the probabilities of death within various groups 


NUMBER NUMBER OF 


Preliminary Det 88 27 1.22 40.27 04 
Swiss 96 35 1.10 42.59 18 

I Swiss 39 — 
Det 18 6 1.11 7.39 19 

F; (Swiss X Det) 37 7 1.41 13.85 04 

Backcross (F; X Swiss) 146 20 59.06 

Backcross (Fi X Det) 99 20 1.52 45.94 <.01 

Det 61 25 1.35 45.60 <.01 
F, (Swiss X Det) 26 7 1.12 8.73 .19 

Backcross X Swiss) 114 22 40.27 

Backcross (F, X Det) 84 22 1.63 58.58 <.01 

I SxS 81 13 0.77 7.66 81 
SxXR 9 2 0.40 0.32 59 

II sxs 23 5 1.16 6.84 15 
SXR 29 8 1.01 8.14 32 

RXR 15 3 1.20 4.29 12 


In table 8 the various groups are arranged according to sex. There is 
no indication that sex is a differentiating factor. The apparently greater 
susceptibility of females shown in the last backcross group where a test 


TABLE 8 


Comparison of mortality of the sexes within various groups 


TEST GROUP SEX 

I F; (Swiss X Det) ote 15 4 
99 17 1 

Backcross (Fi X Swiss) Jd 55 3 

99 82 6 

Backcross (Fi X Det) ad 30 16 

79 40 13 

II F, (Swiss X Det) fosrosl 10 6 
99 7 3 

Backcross (F1X Swiss) 44 19 

99 36 15 

Backcross (Fi X Det) oso 12 25 

17 


for independence gives x? as 8.16 and P as <.01, is probably due to the fact 
that in several litters where resistance was high there were no sisters 
brought to test. 
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DISCUSSION 

In attempting to demonstrate genetic factors, it becomes necessary to 
control as far as possible any environmental conditions which may affect 
the results of the tests. The immediate surroundings in the laboratory 
were kept as constant as was possible, but many variables exist which are 
beyond control. In this experiment the occurrence of acquired immunity 
may safely be ruled out, since the mice were sent to a laboratory remote 
from the breeding room for tests. No survivors were returned. There can 
be no question as to the freedom of the tested animals from previous con- 
tact with yellow fever virus. 

No selection of strains was undertaken during this experiment. Rather, 
the investigation was planned to take advantage of strains from diverse 
sources in which some differentiation already had occurred. Although lack 
of known material for the various crosses precludes a final analysis, the 
existence of segregating factors for susceptibility and resistance is evident. 
This is clearly shown by the differential ratios given first by backcrosses 
and second by progeny from different sorts of matings. The latter criterion 
for inheritance is not of universal application. When in a genetically pure 
strain, the character in question, because of somatic fluctuation, does not 
manifest itself with absolute regularity, progeny from a mixed parentage 
do not differ significantly from offspring descended from like parents. If 
progeny groups are dissimilar, whether the parents do or do not present 
phenotypic differences, they must be different genetically. Consequently 
progeny are the most reliable basis for determining the constitution of 
parents. When differing groups of progeny are descended from unlike 
types of matings, as in the present case the genetic explanation is self- 
evident. 

As to the mode of inheritance, since matings between lixe parents, 
either both susceptible or both non-susceptible, produced two types among 
their offspring either fluctuating variations or the joint occurrence of a 
number of genes are indicated. Neither of these alternatives can be ruled 
out by our data. 

SUMMARY 

1. Mice from two sources gave different mortality rates when inoculated 
with the virus of yellow fever. This difference was maintained in three 
separate tests. 

2. When the strains were crossed, the hybrids showed a mortality less 
than that of the susceptible strain. In one test the difference was clearly 
significant; in another it was probably significant. By crossing the hybrid 
back to the susceptible strain the mortality rate was increased; by cross- 
ing back to a more resistant strain the rate was lowered. This relationship 
was demonstrated in two tests. 
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3. When the mice were classified according to parentage, offspring from 
two susceptible parents were more susceptible than were ofispring with one 
or two resistant parents. 

4. Susceptibility did not appear to be modified by sex. 

5. It is concluded that hereditary factors for resistance to yellow fever 
encephalitis are present in mice. 
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THE PROBLEM 


HE causation of hybrid sterility has long been one of the unsolved 
problems of biology. To date, probably the greatest advance in this 

field has been made by FEDERLEY who discovered a failure of the meiotic 
chromosome pairing in the sterile hybrids between moths of the genus 
Pygaera. This finding has since been amply corroborated by other investi- 
gators in sterile hybrids both in animals and in plants. Naturally enough 
it became tempting to suppose that the failure of the meiotic pairing is 
the cause of hybrid sterility. The restitution of the normal meiotic pairing 
as well as of fertility following the reduplication of the chromosome com- 
plement in allotetraploid hybrids seems to be further evidence in favor of 
this view. And yet, this view proves to be inadequate as a general explana- 
tion of hybrid sterility. Two difficulties deserve particular attention. First, 
some hybrids are sterile despite the fact that the meiotic pairing in their 
gametogenesis is apparently normal (MicwHaE.is 1933 in Epilobium, 
DoszHAnsky 1934 in some crosses in Drosophila pseudoobscura) ; while in 
other sterile hybrids the gametogenesis does not reach the meiotic stages 
(Kerkis 1933,in Drosophila melanogaster X D. simulans). Second, the failure 
of the meiotic pairing in sterile hybrids is usually attributed to an “incom- 
patibility” of the chromosomes of species or races entering the cross. 
This, clearly, is a restatement of facts and not a causal explanation. It 
remains possible that suppression of meiotic pairing may be caused by 
different mechanisms in different cases, and that sometimes there is no 
cause and effect relation between the failure of pairing and the sterility. 
In my previous publications (DoBzHANSky 1933, 1934) a hypothesis 
was suggested according to which there exist at least two different types 
of hybrid sterility—the chromosomal type and the genic type. The chro- 
mosomal type is caused by differences in the gross structure (gene align- 
ment) of the chromosomes of the parental forms, preventing, through 
competition in pairing, the normal conjugation of the chromosomes at 
meiosis, and causing their irregular disjunction. The genic type of sterility 
is due to interactions between complementary genetic factors contributed 
by both parents. If the genetic constitution of one of the parental forms 
is SStt, and of the other ssT7, the hybrid is SsTt. The assumption is made 
that the presence of the factor (or the group of factors) S alone, or of the 
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factor T alone, permits unlimited fertility, but that the factors S and T 
interact in such a manner as to make sterile an organism carrying them 
simultaneously. 

Although some indirect evidence for the existence of these two steril- 
ity producing mechanisms is available (cf. DopzHANsky 1934), the above 
hypothesis cannot yet be considered proved. To date, in no case has a 
sufficient amount of gross structural differences between chromosomes 
of related species been demonstrated, nor have the theoretically postu- 
lated sterility genes been isolated and localized. The experiments to be 
reported in the present article are aimed at securing some information 
on this subject. The sterility of the male hybrids between race A and race 
B of Drosophila pseudoobscura is apparently of the genic type, (DoBzHAN- 
sky and Bocne 1933, DospzHANnsky 1933, 1934). The results of LANCE- 
FIELD (1929) and of KoLier (1932) suggest that some of the differences 
producing sterility between these races are located in the X-chromo- 
some, while autosomes seem also to be involved (DoBzHANSKY 1933a). 
Further attempts to localize the sterility genes in the chromosomes of 
Drosophila pseudoobscura are described below. 

The writer wishes to acknowledge his obligations to Professors C. V. 
Beers (Los Angeles), F. A. E. Crew and P. C. Ko_ier (Edinburgh) for 
permission to use some of the mutants discovered by them in D. pseudoob- 
scura the descriptions of which are not yet published. Thanks are due 
also to Doctor A. H. StuRTEVANT for many valuable suggestions and criti- 
cisms. 


METHOD 

Factors whose interaction is responsible for the sterility of a hybrid are 
a part of the germ plasm, and hence must have a physical carrier in the 
gametes. The task is to find out in which of the constituents of the gametes 
these factors are localized. Races A and B of D. pseudoobscura produce in 
F, completely sterile male hybrids, but fertile females. The latter may be 
back crossed to males of either parental race. In the offspring of the back- 
crosses various combinations of the chromosomes and of the cytoplasms 
of the ancestral forms should occur in separate individuals. Some of the 
individuals may be expected to be sterile, and others fertile. Provided the 
chromosomes are marked by appropriate mutant genes, the genetic struc- 
ture of a given individual may be recognized by its phenotype. Hence, it 
will be possible to determine which combinations of the ancestral elements 
are necessary to induce sterility, and which permit the individual to be 
fertile. 

In practice, two experimental procedures are possible. First, by repeat- 
edly backcrossing hybrid females to males of the same race, one may 
secure individuals carrying one of the elements (e. g., a chromosome or a 
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part thereof, or the cytoplasm) of one race, and all other elements from 
the other race. Second, among the male offspring of the first backcross 
generation individuals should be found representing many of the possible 
combinations of the above elements. Both experimental procedures should, 
probably, be made use of before a final solution of the problem here under 
consideration may be consummated. The data reported in the present 
article are based on the results of the application of the second procedure. 
The conclusions arrived at are, however, in accord with those suggested 
by the outcome of the few experiments of Doctor A. H. StuRTEVANT 
and the writer involving the application of the first procedure. 

Males appearing in the progeny of the backcrosses have testes ranging 
in size from normal (i.e., that found in males of either parental race) to 
very small. Males having small testes are invariably sterile, those with 
testes of normal or nearly normal size are mostly fertile. It has been shown 
cytologically (DoBzHANSKY 1933, 1934) that the disturbances of the sper- 
matogenesis leading to sterility are greatest in the very small testes, and 
least in large ones. Hence, size of the testis is a fair measure of the degree 
of departure from the normal structure and functioning of the testis. 
This fact is very important for our purposes, since it permits a sort of 
quantitative expression of the results of investigation of the hybrid males. 
The smaller the testes in males of a given genetic constitution, the more 
(or the stronger) sterility factors they carry. 


TECHNIQUE 


Testis size in D. pseudoobscura, particularly in the hybrid males, is exceed- 
ingly sensitive to environmental factors. Although our conclusions are to 
be based on a comparison of testis size in different classes of males devel- 
oped in the same culture bottles, and hence under identical environment, 
care was taken to insure homogeneous culture conditions in all experi- 
ments. Three to four F; hybrid females were placed in the same bottle 
with five to six males. Parents were kept in vials with food for four days, 
transferred (without etherization) to standard culture bottles, placed in 
incubator at 24.5° C., and allowed to oviposit for about four days, trans- 
ferred to fresh culture bottles, and again left there for a similar length of 
time. 

When the progeny of the backcross started to emerge, flies were classi- 
fied according to the marking genes they carried, and males were dissected 
in physiological salt solution. Testes were isolated, and their length mea- 
sured with the aid of an eyepiece micrometer (1 unit =17.4u). The tech- 
nique of the measurements has been described by DoBzHANSKY and BOCHE 
(1933). The testis of D. pseudoobscura is ellipsoidal in shape; its greater 
diameter shows a correlation with its shorter diameter, so that either of 
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these measurements gives a fair idea of the size of the whole organ. How- 
ever, in the adult males the shape of the testis changes somewhat with age, 
becoming relatively longer and more slender. To avoid this source of error, 
cultures were examined every second day, and males that had hatched in 
the meanwhile were dissected and measured immediately. Only males that 
emerged during the first 6 to 8 days of hatching in a given culture bottle 
were used. 

The statistical data obtained are far too voluminous to be published in 
detail under the present conditions; they are, of course, preserved, and 
open to all interested. The statistical constants were calculated only for 
classes in which ten or more individuals were measured. 


PRELIMINARY EXPERIMENTS 


Theoretically, sterility factors might be located in any of the constitu- 
ents of the gametes. A few simple experiments of exploratory nature 
were undertaken to narrow the range of possibilities by excluding some 
of them as inadequate to explain the situation. 

If F,; hybrid females from the cross A? XBo are used for making 
backcrosses, the resulting progeny has race A cytoplasm. By crossing 
such females to race B males, some of the males appearing in the next 
generation should have all race B chromosomes in race A cytoplasm. If 
the sterility depends upon an interaction of the chromosomes of one race 
with the cytoplasm of the other, such males should be sterile. Actually in 
a number of tests they were found to be fertile. Similarly, males having 
race A chromosomes in race B cytoplasm proved fertile. This shows that at 
least the most important sterility factors are not located in the cytoplasm. 

To exclude the influence of the Y chromosomes is more difficult. The 
males devoid of the Y chromosome (XO males) in pure races are sterile, 
but the structure of their testes shows no similarity whatever with that 
of the sterile hybrid males (DoBzaANsky 1933). This is in agreement 
with the results of SHEN (1932) who found that the sterility of XO males in 
D. melanogaster is caused by disturbances in the vesiculae seminales rather 
than in the testes. Some hybrid males in the backcrosses of hybrid females 
to race A males are likewise XO. These are, of course, always sterile, but 
the size, as well as the internal structure of their testes, is variable, just as 
in their XY sibs. This variability can be due only to the chromosomes 
other than the Y carried by a given male (DoBzHANSKY 1933). This makes 
the assumption of factors responsible for hybrid sterility in the Y chromo- 
some unnecessary. 

LANCEFIELD (1929) and Koiier (1932) found that males carrying an 
X chromosome of one race and a majority of the autosomes of the other 
race have small testes and are sterile. Furthermore, by studying crossovers 
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in the X chromosome they found that both ends (or, rather, both limbs) 
of the X chromosome are concerned with the sterility, while the middle 
part is apparently not involved. Thus the location of some of the sterility 
factors was established. 

STURTEVANT and the writer attempted to “transfer” mutant genes 
known in one race into the other race. For this purpose females carrying 
a given gene, for instance of race A, are repeatedly backcrossed to males 
of race B, until individuals are obtained possessing all chromosomes of 
race B except for a more or less short section containing the genes in ques- 
tion. These experiments showed that some of the mutant genes can be 
thus transferred from race to race, and males carrying these “foreign” 
genes become fertile after from one to several generations of backcrosses. 
To this class belong the genes Pointed and short (in the X chromosome 
of race A), Smoky (second chromosome of race B), Curly (fourth chromo- 
some of B). It follows that sections of chromosomes including these genes 
contain either no factors concerned with sterility, or else these factors are 
not by themselves sufficient to produce sterility (although they may, per- 
haps, do so in combinations with other genes). On the other hand, the 
attempts to transfer the genes Bare (A) and cinnabar (B) (second chromo- 
some) from one race to another have so far given negative results despite 
the numerous backcrosses. Similarly, Pointed proved to be closely linked 
with a sterility-producing section of the X chromosome, but it can be 
separated from this section by crossing over. Thus, sterility-producing 
genes were found in both the X chromosome and in an autosome (the 
second chromosome). The data presented below corroborate this conclu- 
sion. 

Backcross to race A 

Race A females carrying the sex-linked recessives beaded (bd), yellow 
(y), and short (s), the second chromosome dominant Bare (Ba), and the 
third chromosome recessive purple (pr) were crossed to race B males carry- 
ing the third chromosome recessive orange (or) and the fourth chromo- 
some dominant Curly (Cy). F; hybrid females heterozygous for these genes 
were selected and backcrossed to race A males homozygous for or and pr. 
The males coming from this backcross were classified for all of the above 
genes. 

According to the setting of the experiment, every one of the chromo- 
somes of the F, females (with the exception of the small fifth chromosome 
in which no genes are available) is marked by one or more genes, which 
should make the different classes of the backcross males distinguishable 
from each other phenotypically. Unfortunately, the control of all the 
chromosomes which is thus attained is far from complete, due to crossing 
over which takes place in the hybrid females. The X chromosome is 
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marked by three genes, the third by two, and the second and fourth by 
only one each. The scarcity of marking genes is mitigated by the fact that 
the X, second, and third chromosomes of race A differ from the corre- 
sponding B chromosomes by inverted sections (TAN 1935 a, b) which sup- 
press a part of the normal crossing over. Nevertheless, some crossovers 
undoubtedly escape detection. 

TABLE 1 


Length of the testis (in u) in the offspring of the cross: 
(bd y s Ba pr Race A 9 Xor Cy Race BSH) Fi? Xor pr Race A o. 


PHENOTYPE M+tm n PHENOTYPE Mim n 
1 bd ys Ba pr 668 .2 9 33 bd y Ba pr 348.0 1 
2 bd ys Ba pr Cy 563.8 8 34 bd y Ba py Cy 342.8 3 
3 bd ys Ba or 585.94+14.9 23 35 bd y Baor 478.5 6 
4 bd ys pr 632.8+11.0 30 36 bdypr 504.6 4 
5 bd y s Ba or Cy 509.6+17.6 19 37 bd y Ba or Cy 407.2 9 
6 bd ys pr Cy 602.7+ 3.4 23 38 bd yprCy 435.0 3 
7 bd ysor 551.2+ 6.1 119 39 bd yor 462.8 8 
8 bd ys or Cy 526.5+ 8.9 66 40 bd yor Cy 418.1+24.4 17 
9 or Cy 123.9+ 2.8 336 41 sorCy 290.2+18.1 22 
10 or SS Heo 310.9+18.6 27 
11 pr Cy 94.0+ 3.6 152 43 s prCy 231.4 4 
12 Ba or Cy 66.6+ 4.7 69 44 s Ba or Cy 191.4 1 
13 pr 68.4+ 3.7 159 45 spr 187.9 5 
14 Baor 60.2+ 4.6 71 46 s Baor 34.8 1 
15 Ba pr Cy 51.74 5.9 38 47s BaprCy 
16 Ba pr 23.8+ 7.3 23 +48 s Ba pr 
17 bd ys Ba 640.3 5 49 bd y Ba 461.1 2 
18 bd y s Ba or pr 664.7 4 50 bd y Ba or pr 
19 bd y s Ba Cy 303.3 5 51 bd y BaCy 
20 bd y s Ba or pr Cy 52 bd y Ba or pr Cy 
21 bdys 597.2+10.4 22 +53 bdy 574.2 1 
22 bd ys or pr 617.7+18.4 10 54 bd y or pr 614.2 3 
23 bd ys Cy 559.8+15.6 24 55 bdyCy 461.1 2 
24 bd ys or pr Cy 494.2 6 56 bd yor prCy 626.4 1 
25 Cy 122.8+ 4.8 82 57 sCy 274.9 4 
26 or pr Cy 94.1+10.3 35 58 sor prCy 487.2 1 
27 wild-type 110.7+ 5.90 86 SOs 261.0 6 
28 or pr 69.8 + 6.7 33 60 sorpr 104.4 1 
29 Ba Cy 23.5% 7:3 19 61s BaCy 
30 Ba or pr Cy 34.8 5 62 s Baor prCy 
31 Ba 17.14 4.6 21 63s Ba 87.0 2 
32 Ba or pr 47.0 3. 64 bd or 574.2 1 


In spite of the above difficulty, it is believed that the control of the 
chromosomes, incomplete as it is,is on the wholeadequate for our purpose, 
namely testing for the presence or absence of the sterility genes in each 
of the chromosomes covered by the investigation. The basis of our judge- 
ment is the mean testis size in the males of a given class showing a given 
combination of the marking genes. Although some of the chromosomes are 
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marked by a single gene only, all the males carrying this gene will carry 
at least a part of the chromosome of the race indicated by this gene, and 
the majority will carry probably the entire chromosome. In any event, 

LENGTH OF THE TESTIS IN MICRA 
CHROMOSOMES 


x 9 3 4 0 23 50 100 200 400 700 
Gat ‘Gane 
8 
| 6 | 
| 
13 
| 
— 


0 2 80 100 200 400 70 


FicurE 1. The chromosome constitution and the length of the testis in males appearing in 
the backcross of the F; hybrid females to race A males. Race A chromosomes—white; race B 
chromosomes—black. Only the non-crossover classes are represented. 


males of every class have a greater chance to have the chromosomal con- 
stitution indicated by the marking genes they carry than any other consti- 
tution. In other words, since the conclusions are to be based on averages 
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and not on individual variants, the disturbing influence of the undetected 
crossovers will manifest itself in a great variability and not in a distortion 
of the relationships of different classes. These remarks apply to all the 
experiments described in this article. 

Every individual resulting from a backcross to race A male necessarily 
has one whole complement of autosomes from race A. All males have also 
a Y chromosome from race A. However, some of them have a race A X 
chromosome, and others a race B X chromosome. They inherit from their 
mothers one or more autosomes of race A, or of race B. Not counting 
crossovers, and disregarding the fifth chromosome, the backcross males 
should fall into sixteen classes (classes 1-16 in table 1, figure 1). 

Males receiving race A X chromosomes (classes 1-8, 17-24) have dis- 
tinctly larger testes than those receiving race B X’s (classes 9-16, 25-32). 
It follows that the X chromosome carries genes concerned with the steril- 
ity. Next, one may notice that different classes of males carrying the same 
X chromosome vary greatly as to testis size. Classes possessing the B race 
X chromosome may be taken up first. Among them the largest testes are 
observed in individuals having one full set of race B autosomes (class 9, 
also 25 and 26). Making such males homozygous for the race A fourth 
chromosome decreases testis size (compare classes 9 and 10, 25 and 27, 
26 and 28). The differences are not in all cases statistically significant, 
but they are always in the same direction. Homozygosis for race A third 
chromosome also: decreases testis size, the effect of the third chromosome 
being stronger than that of the fourth (compare classes 9 and 11). The 
race A second chromosome produces a still stronger effect in the same 
direction (compare 9 and 12, 25 and 29, 26 and 30). The third and the 
fourth chromosomes of race A being homozygous simultaneously produce 
as much effect as the second alone (12 and 13). Homozygosis for second 
and fourth, and second and third depresses testis size still further (14 and 
15). Finally, males possessing only a race A autosomes have the smallest 
testes (class 16). The conclusion is warranted that in males carrying race 
B X chromosome the testes are larger the more B autosomes they carry 
(although, as stated above, all these males carry one full set of A auto- 
somes). 

The mean values for testis size in males having race A X chromosome 
are based on a smaller number of flies than those discussed above. Never- 


theless, it is quite clear that in these males the relations are reversed, 


namely the testes are the larger the more race A autosomes they carry. 
The largest testes are observed in males carrying all or most of race A 
autosomes (classes 1, 17, 18), and the smallest in males having a full set 
of B autosomes (8, 23, 24). Hence, a general rule may be formulated thus: 
in the backcross males the testes are larger the more the autosomes agree 
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in their racial origin with the X chromosome, and vice versa. The second, 
third, and fourth chromosomes are all concerned, but to a different extent: 
the second chromosome exerts the strongest effect, the third is next, and 
the fourth last. 

Since two of the chromosomes in this experiment contain more than one 
marking gene each, some crossovers are detected. This makes it possible 
to determine (a) whether these chromosomes contain more than one locus 
concerned with testis size, and (b) if this be the case, which part of a 
given chromosome exerts a stronger effect. 

Three genes, bd, y and s, are present in the X chromosome. Crossing 
over between bd and y has been observed in our hybrids only once (class 
64), although about 30 percent of crossing over takes place between these 
genes in pure race A (this is due to the inversions in the left limb of the 
X suppressing crossing over, TAN 1935). On the other hand, crossing over 
between y and s is fairly frequent (though less frequent than in pure race 
A, where these loci are practically independent). Classes carrying the 
whole X chromosome of race A (bd y s, classes 1-8, 17-24) may be com- 
pared with those having the right limb, or a part thereof, of race B (bd y, 
classes 33-40, 49-56). If this comparison is made so that classes differing 
only in the substitution of the right limb of the X are considered (classes 
1 and 33, 2 and 34, 17 and 49, 24 and 55, etc.), the conclusion is that such 
a substitution decreases testis size. This is observed in twelve out of thir- 
teen such comparisons. On the other hand, classes carrying the whole X 
chromosome of race B (non-bd, non-y, non-s) may be compared with those 
having the right limb of the X of race A (classes showing s, compare 9 
and 41, 10 and 42, 25 and 57 etc.). The comparison shows that in this 
case the substitution of the right limb invariably results in a marked 
increase of the testis size. The conclusion follows that the right limb, as 
well as the left limb, of the X chromosome carry genes concerned with 
sterility. 

In order to compare the relative efficacy of the two limbs of the X 
chromosome, classes carrying the left limb of race A and the right limb 
of race B must be compared with those having the left limb of B and the 
right limb of race A. The classes to be compared should, of course, have 
identical autosomes (compare 35 and 46, 36 and 45, 37 and 44, 38 and 43, 
39 and 42, 40 and 41). It can be seen that classes having the left limb of 
race A have larger testes, and hence the left limb is more important than 
the right. 

An analysis of the third chromosome, which in this experiment is 
marked by two genes, or and pr, can be carried through along lines similar 
to those for the X chromosome (compare classes 1-8 with 17-24, 9-16 
with 25-32, and then 17 with 18, 21 with 22, 25 with 26 etc.). Since the 
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effect of the third chromosome as a whole on testis size is much weaker 
than that of the X chromosome, the analysis of the effect of the former 
is more difficult. Nevertheless, the majority of the figures indicate that 
(a) both the part of the third chromosome carrying or and that carrying 
pr are concerned with testis size, and (b) that the part containing pr 
exerts a greater effect than that containing or. 


2 


Length of the testis (in u) in the offspring of the cross: 
(bd y s Ba Race A 9 Xor Cy Race BH) Fi 9 Xor RaceBS 


CLASS NO. PHENOTYPE Mim LIMITS 
1 or Cy 475.4+ 4.3 60.7 244-661 200 
2 or 468.8+ 4.3 60.0 244-661 200 
3 Cy 565.3+ 3.9 55.2 313-748 200 
4 Ba or Cy 375.0+ 4.5 57.1 174-557 158 
5 wild type 561.54 4.1 59.0 296-730 204 
6 Ba or 336.5+ 4.7 60.9 157-609 168 
7 Ba Cy 393.8+ 5.7 67.0 191-644 138 
8 Ba 372.24 4.7 56.7 157-574 144 
9 bd y s Ba 428.6+ 9.2 61.6 278-592 45 
10 bd ys Ba Cy 325.6411.7 61.8 139-470 28 

11 bd y s Ba or 278.4+ 8.9 $3.2 139-435 36 
12 bd ys 156.8+ 5.9 55.0 70-313 86 
13 bd y s Ba or Cy 211.44 5.9 39.8 70-365 46 
14 bd ys Cy Pa.Gt 3.7 39.0 35-244 111 
15 bd ys or 109.8+ 3.6 37.8 35-261 108 
16 bd y s or Cy 81.4+ 3.6 Ko Se 0-157 98 
17 s or Cy 284.5+ 7.9 55.9 139-505 52 
18 Sor 300.0+ 6.9 58.8 122-487 73 
19 s Cy 458.0+10.4 60.0 296-644 33 
20 s Ba or Cy 257.9415.5 67.7 104-418 19 
21 s 468.8+ 8.5 59.9 313-661 50 
22 s Ba or 330.9+13.8 66.5 122-487 23 
23 s Ba Cy 324.04+14.0 56.0 209-470 16 
24 s Ba 426.3414.9 64.9 278-574 19 
25 bd y Ba 488 .4+14.3 53.2 383-644 14 
26 bd y Ba Cy 453.1422.1 79.7 244-626 13 
27 bd y Ba or 513.2 313 2 
28 bd y 258.64+13.5 63.5 ‘122-435 22 
29 bd y Ba or Cy 208.8 139-365 8 
30 bd y Cy 198.5+11.3 37.4 157-313 11 
31 bd y or 115.4+12.6 48.7 52-313 15 
32 bd y or Cy 119.2 70-278 8 


Backcrosses to race B 
Race A females carrying the genes beaded, yellow, short, Bare and pur- 
ple (bd y s Ba pr) were crossed to race B males carrying orange and Curly 
(or Cy). In the F, generation females heterozygous for all these genes 
were selected, and backcrossed to race B males homozygous for orange. 
The experiment is, then, analogous to that described above, with the ex- 
ception that since the male to which the hybrid females are backcrossed 
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belongs to race B, all the offspring appearing in the next generation will 
necessarily carry one complete set of B race (instead of A race as in the 
preceding experiment) autosomes, and some of them may carry B race 
chromosomes exclusively. Moreover, the gene purple does not manifest 
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Ficure 2. The chromosome constitution and the length of the testis in males appearing in 
the backcross of the F; hybrid females to race B males. Race A chromosomes—white; race B 
chromosomes—black. Only the non-crossover classes are represented. (The bar for class 9 should 
extend to 428.6; see table 2.) 
itself in the offspring of the backcross, since the father of the backcross 
is homozygous for the wild type allelomorph of this gene. 

The measurements of testis size in the males obtained from this back- 
cross are summarized in table 2 and figure 2. Among the classes in which 
no crossovers are detected (classes 1-16), the first eight (1-8) carry the 
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X chromosome of race B, and, with one exception, have distinctly larger 
testes than the classes (9-16) carrying the X chromosome of race A. Thus, 
with a majority of the autosomes coming from race B, a race B X chromo- 
some is required if large testes are to be formed—a result completely 
analogous, but reverse in sign, to that arrived at above by studying the 
backcross to race A males. 

Among the males carrying the same X chromosome, the size of the 
testes depends upon the autosomes. Males receiving an X chromosome of 
race A (classes 9-16) have the largest testes if they carry one complete 
set of race A and one set of race B autosomes (class 9). If such males 
are made homozygous for race B fourth chromosome, the testis size is de- 
creased (compare 9 and 10, 11 and 13, 12 and 14, 15 and 16). A similar, 
but stronger, effect is produced by homozygosis for the third chromosome 
of race B (compare 9 and 11, 10 and 13, 12 and 15, 14 and 16), and, finally, 
the second chromosome exerts the strongest effect (classes 9 and 12, 10 
and 14, 11 and 15, 13 and 16). The conclusion is warranted that males 
having the race A X chromosome have the larger testes the more race A 
autosomes they carry. 

By analogy with the conclusion just stated, as well as with the conclu- 
sion arrived at from the study of the backcross to race A, one might 
expect that in the present experiment males carrying race B X chromo- 
some should have the larger testes the more race B autosomes they carry. 
Indeed, this is partly, but only partly, true. Among such males, those 
that are homozygous for race B fourth chromosome have larger testes 
than those carrying one race A fourth chromosome (compare classes 1 
and 2, 3 and 5, 4 and 6, 7 and 8), and those homozygous for race B second 
chromosome have larger testes than those carrying one race A second 
chromosome (compare 1 and 4, 2 and 6, 3 and 7, 5 and 8). Turning to the 
third chromosome, one is at once struck by the fact that it shows a rela- 
tionship that is the reverse of the expected one: males homozygous for the 
race B third chromosome have smaller testes than those possessing one 
third chromosome of race A (compare 1 and 3, 2 and 5, 4 and 7, 6 and 8). 
This inconsistency is to be discussed below. 

Crossing over between y and s in the X chromosome produces males 
carrying an X the right limb of which (or a part thereof) comes from one 
race, and the left limb from the other race. One may observe that males 
having the right limb of the X chromosome from race A, and the lett 
from race B (showing the effects of the gene s, but not of bd or y, in their 
phenotype), have mostly smaller testes than those carrying an intact X 
chromosome of race B (compare classes 17-24 with 1-8). Conversely, 
males carrying the right limb of the X from race B and the left from race 
A (showing bd and y, but not s), have larger testes than males with 
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complete race A X chromosome (compare 25-32 with 9-16). Finally, with 
the autosomes held constant, males having the right limb of the X from 
race A and the left limb from race B have mostly larger testes than males 
carrying the right limb of the X from B and the left from A (compare 
classes 17 and 32, 18 and 31, 19 and 30, etc.). It follows from this that (a) 
both limbs of the X chromosome carry sterility genes, and that (b) the 
sterility genes in the left limb are either more numerous or more effective 
than those in the right limb. Both conclusions are indentical with those 
reached from the study of the backcross to race A. 

Returning again to the unexpected behavior of the third chromosome 
in males carrying the X chromosome of race B (see above), one might 
notice that in the experiment under consideration the cross was so ar- 
ranged that all the hybrids originated from race A females (bd y s Ba pr), 
and, consequently, have race A cytoplasm. This fact may arouse the sus- 
picion that homozygosis for the race B third chromosome is incongruent 
with race A cytoplasm, in such a way that in males carrying race A cyto- 
plasm and all or a majority of race B chromosomes, the presence of one 
race A third chromosome may increase, instead of decrease, the testis size. 
If this were true, we would have the first indication that the cytoplasms 
of races A and B are specifically distinct and may be concerned with the 
production of the sterility of the hybrids. The possibility just stated can 
be subjected to a rigorous experimental test: a cross must be arranged 
which should produce offspring completely comparable with those from 
the cross just discussed in the chromosomal constitution, but which should 
have throughout the cytoplasm of race B, instead of that of race A. This 
requirement is fulfilled in the following experiment. 

Race B females carrying or and Cy were crossed to bd y s Ba pr males 
of race A. F; females heterozygous for all these genes were backcrossed to 
race B males homozygous for or. All the strains used in this cross were 
the same as those used in the preceding experiments. The results are sum- 
marized in table 3. They should be compared to those presented in table 
2. In these tables, the classes showing identical phenotypes have similar 
chromosomal constitutions, but differ in that the data of table 2 pertain 
to flies having race A cytoplasm, and those of table 3 to flies having race 
B cytoplasm. It is easily noticeable that the corresponding classes of males 
shown in table 2 have consistently larger testes than those shown in table 
3. However, this fact is probably of no particular significance, since the 
experiments on which tables 2 and 3 are based were done at different 
times, and, due to the extreme sensitivity of the testis size to environmen- 
tal conditions, no two separate experiments are likely to agree as far as 
the absolute size of the testes of hybrid males is concerned. Far more con- 
sequential is the -relative testis size in males of different classes in each 
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TABLE 3 


Length of the testis (in «) in the offspring of the cross: 
(or Cy Race BQ Xbd y s Ba Race A@')F:9 Xor Race B 


CLASS NO. PHENOTYPE Mim o LIMITS n 


1 or Cy 401.64 7.2 72.9 226-609 103 j 
2 or 404.94 6.5 68.0 261-557 109 F 
3 Cy 541.7+ 7.4 80.6 313-731 118 

4 Ba or Cy 298.6+ 6.4 77.6 122-470 146 

5 wild type 518.0+ 6.6 71.9 348-679 120 

6 Ba or 296.5+ 6.3 72.4 139-487 133 \ 
7 Ba Cy 342.64 7.7 82.7 157-522 114 f 
8 Ba 359.14 8.3 89.6 191-557 116 

9 bd y s Ba 283.4410.3 63.2 174-452 38 

10 bd y s Ba Cy 273.9+ 9.6 64.6 174-400 45 

11 bd y s Ba or 251.8+ 7.8 62.1 139-383 63 ; 
12 bd ys 108.44 3.2 41.9 35-261 171 
13 bd y s Ba or Cy 194.5+ 7.3 61.9 70-331 71 

14 by ys Cy 79.94 2.5 31.5 35-157 164 
15 bd ys or 57.84 2.6 31.5 17-139 149 

16 bd y s or Cy 41.64 2.5 32.7 0-139 177 

17 sor Cy 213.74 9.9 66.5 70-348 45 

18 s or 206.4+ 8.6 57.8 104-348 45 

19 s Cy 330.1+10.7 66.1 191-505 38 
20 s Ba or Cy 179.7414.6 70.1 104-400 23 
21 5 290.1+11.8 67.7 174-417 35 
22 s Ba or 195.44 8.8 47.9 104-331 30 
23 s BaCy 313.2 261-418 7 
24 s Ba 252.3414.7 62.1 174-417 18 | 
25 bd y Ba 464.1+36.7 127.4 278-679 12 
26 bd y Ba Cy 461.1+22.5 74.1 278-557 i1 
27 bd y Ba or 438 .0+18.4 71.5 313-557 15 

28 bd y 241.3410.4 67.9 122-418 43 

29 bd y Ba or Cy 402.6+13.3 44.0 331-497 11 
30 bd y Cy 194.94 8.9 56.4 87-365 40 
31 bd y or 140.4+ 7.7 49.9 52-261 42 

32 bd y or Cy 122.0+ 6.5 40.7 70-244 39 

33 ys 643.8 626-661 2 
34 bd 87.0 87 1 
35 bd Cy 417.6 417.6 1 
36 ysorCy 556.8 556.8 1 


experiment. Approaching the data from the standpoint of this criterion, 
one is forced to the conclusion that the data of tables 2 and 3 are identical 
in all essentials. For our purposes, the most important fact is that in males 
having race B cytoplasm and race B X chromosome, homozygosis for the 
race B third chromosome produces a decrease, instead of an increase, of 
the testis size. Hence, the anomalous behavior of the third chromosome 
in these crosses cannot be due to an interaction between this chromosome 
and the cytoplasm. No indication of the existence of an inherent difference 
between the cytoplasms of the two races is apparent. 
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Obviously, an explanation of the anomalous effect of the third chromo- 
some in the crosses under consideration is to be looked for elsewhere. Two 
such explanations may be suggested. First, one may suppose that it is a 
specific property of the third chromosome of race A to increase the testis 
size in males having a majority of the chromosomes of race B. In this 
case, a male of hybrid ancestry having one race A third chromosome and 
the rest of the chromosomes of race B would always have larger testes 
than pure race B males. Second, the above behavior of the third chromo- 
some may be due to a maternal effect, being manifested only in flies 
coming from the eggs of a hybrid mother. This amounts to assuming that 
the presence of the hybrid karyotype in the egg cell, before it has under- 
gone the processes of maturation and fertilization, leaves an impression 
on this cell that lasts for at least one generation. 

The two alternative explanations just suggested are obviously ad hoc 
hypotheses, and should be considered objectionable on this ground, were 
it not for the fact that they may be tested experimentally. Males of class 
3 (table 3) have all the chromosomes of race B except a single race A 
third chromosome. Their race B third chromosome carries the marking 
gene or. Having large testes, these males are fertile, and can be crossed 
to pure B females homozygous for or. In the offspring of this cross two 
classes of males must appear. One of them, phenotypically orange, will 
have only race B chromosomes, and will be genotypically identical with 
males of classes 1 and 2 in table 3. The other class will be wild type in 
phenotype, and will be genotypically identical with class 3 in table 3, that 
is, will carry one race A third chromosome. Now, if the third chromosome 
of race A has per se the property of increasing testis size in males that are 
otherwise race B in constitution, the wild type males in this experiment 
should have larger testes than the orange males. Thus, the relationships 
observed in the first backcross generation (tables 2 and 3) should be re- 
peated in the next generation. If, on the other hand, the phenomenon 
under consideration is due to a maternal effect, the testes of the wild type 
and the orange males should be either equal in size, or else the orange 
males should have larger testes than the wild type ones. 

The experiment has been arranged as just outlined, and the tesics in 
the resulting males were measured. Their size (in «) was: 

orange 607.6 +8.6 

wild type 578.6+7.4 
The difference between these figures is not statistically significant, but 
the orange males have testes either equal to or larger than the wild type 
ones. The maternal effect hypothesis is correct. Maternal effects have 
been observed in Drosophila pseudoobscura crosses more than once (Dos- 
ZHANSKY 1935, DoBzHANSKY and STURTEVANT 1935), 


{ 


128 TH. DOBZHANSKY 
3 STERILITY GENES IN THE SECOND CHROMOSOME 
Ae The experiments reported above show that genes responsible for the 


sterility of the interracial hybrids are located in the X, second, third, and 
fourth chromosomes—all chromosomes except the fifth, which has not 
been followed in the crosses. Furthermore, it has been shown that in the 
X and also in the third chromosome more than one sterility gene is present, 
located in different parts of the respective chromosomes. The question : 
whether the second chromosome has one or more sterility genes could not 

be answered, since this chromosome carried a single gene marker, namely 

Bare. In the experiment now to be discussed this drawback is removed 

by introducing two marking genes in the second chromosome. 

It may also be noticed that in the former experiments a majority of the 
marking genes were introduced through the race A parent, causing the : 
classes of the offspring having mainly A race chromosomes to appear in 
relatively low frequencies. In the following experiment mainly race B 
markers are used. 

Race B females carrying the sex-linked recessives scutelar (sc) and 
dela (se*), and the second chromosome recessive cinnabar (cm) and dom- 
inant Smoky (Sm), were crossed to race A males carrying the fourth 
chromosome dominant Curly (Cy). The F; females heterozygous for these 
genes were backcrossed to race B cinnabar males. The results are summa- 
rized in table 4. The gene Curly involved in this cross was originally ob- 
tained as a mutant in race B, and “transferred” into race A by means of 
repeated backcrosses of Curly flies to race A males (see above). Thus, the 
race A fourth chromosome marked by Cy in this experiment is really a 
composite chromosome, containing, presumably, most of the material 
from race A, and a more or less small section including the locus of the 
gene Cy from race B. 

To start with, one may notice that the data of table 4 corroborate the 
general conclusions regarding the action of the sterility genes previously 
discussed. Since males recorded in table 4 have at least one full set of race 
B autosomes, the classes carrying an intact race B X chromosome (1-4, 
17-20) have larger testes than those carrying an intact X of race A (5-8, ' 
21-24). Among males carrying the same X chromosome, largest testes are 
present in those that have most autosomes of the same race as the X chro- 
mosome (class 1—all chromosomes of race B, class 5—race A X chromo- 
some and one set of A autosomes), and smallest testes in males having an 
X of one race and the autosomes of the other (class 4 with X of race B 
and one set of race A autosomes, class 8 with X of race A and race B 4 
autosomes). The fourth chromosome marked by Cy behaves as a race A 
chromosome in spite of the fact that it carries a section coming from race 1 
B. Crossing over in the X chromosome leads to the results expected on 
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the basis of the previously reported experiments: males having the left 
part of the X from race B (carrying sc) have larger testes than males hav- 
ing the right part of the X from race B but otherwise similar (males show- 
ing se but not sc). 

TABLE 4 


Length of the testis (in w) in the offspring of the cross: 
(sc se cn Sm Race BQ XCy Race Fi: 9 Xen Race 


CLASS NO. 


Mim 


PHENOTYPE LIMITS 
1 sc secn Sm 563.6+ 6.7 56.6 418-679 103 
2 sc secn Sm Cy 523.2+10.3 76.9 400-714 72 
3 Sc se 449.6+10.6 84.4 278-626 61 
a sc se Cy 420.7+ 9.3 70.1 261-592 56 
5 Cy 319.5+ 7.2 76.2 122-522 114 
6 wild type 282.6+ 6.1 67.0 122-435 122 
7 cn Sm Cy 97.14 4.0 36.9 35-174 85 
8 cn Sm 90.7+ 4.4 40.9 17-209 87 
9 sccn Sm . 455.9+10.0 58.3 365-592 34 
10 sc cn Sm Cy 416.6+12.5 70.5 226-592 32 
11 SC 426.0+10.0 74.1 261-592 55 
12 sc Cy 435.4+ 8.8 68.2 296-592 60 
13 se Cy 433.3+10.4 66.1 278-557 40 
14 se 420.0+11.7 78.0 278-592 45 
15 secn Sm Cy 120.6+ 9.7 51.7 52-244 28 
16 secn Sm 86.0+ 5.7 32.2 0-174 32 
17 sc se cn 578.6+ 9.2 63.3 452-661 48 
18 sc se Sm 371.0+ 9.7 60.9 209-487 39 
19 sc secn Cy 554.04 12.6 78.7 388-696 39 
20 sc se Sm Cy 364.2+10.5 55.7 226-452 28 
21 Sm 241.2+ 9.9 74.1 87-452 56 
22 cn 99.0+ 4.5 rm | 52-243 54 
23 Sm Cy 248.8+ 9.0 69.4 104-418 60 
24 cn Cy 123.34 7.5 46.1 0-226 28 
25 sc on 492.94+11.2 66.1 348-626 35 
26 sc Sm 407.5+11.8 60.4 313-557 26 
27 sc on Cy 500.6+ 18.6 86.8 261-609 22 
28 sc Sm Cy 396.54+11.9 63.2 296-505 28 
29 secn 102.3+ 7.8 39.8 52-191 26 
30 se Sm 401.4+12.8 61.6 226-487 23 
31 secn Cy 116.8+ 8.8 43.0 70-261 28 
32 se Sm Cy 463.9+18.3 79.3 296-626 19 


The detected crossing over in the second chromosome gives rise to males 
showing Sm but not cn, and cn but not Sm (classes 17-32). Males carrying 
the X and the second chromosomes of race A (classes 5 and 6) have larger 
testes than the corresponding classes of males in which a part of the second 
chromosome of race B is present (classes 21-24), but the latter have larger 
testes than males carrying the X of race A and the whole second chromo- 
some of race B (classes 7-8). Males possessing the X and the second chro- 
mosomes of race B (classes 1 and 2) have testes equal to or larger than 
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similar males carrying a part of the second chromosome of race A (classes 
17-20). In either case, the substitution of the right part of the second chro- 
mosome (carrying Sm) produces less effect than the substitution of the 
left part of the second chromosome (carrying cn). 

The conclusion is warranted that more than one locus concerned with 
sterility is present in the second chromosome, and that the part of the 
chromosome marked by cn carries either more numerous or stronger steril- 
ity factors than the part marked by Sm. This result was not unexpected, 
in view of the fact that, according to the data of STURTEVANT, the gene 
Sm is easily transferred from race B to race A, whereas we have not been 
able to transfer Ba (lying very close to cn) from race A to race B. A less 
extensive series of attempts to transfer cn from race B to A was also unsuc- 
cessful. 

Since the real position of the genes cn, Ba, and Sm in the second chromo- 
some (in terms of the cytological map) is as yet unknown, it is not possible 
to decide which of the two parts of the chromosome is longer, and hence 
it remains obscure whether or not the effectiveness of a given chromosome 
section is proportional to its cytological length. 

FERTILITY TESTS 

The main body of our conclusions regarding the localization of the 
sterility genes is based on testes measurements, not on direct fertility 
tests. The justification of the procedure is given above, and need not be 
repeated here. Some fertility tests were performed as an additional check. 

In the offspring of the backcross to race B the results of which are 
represented in table 2 males of the classes 1-8 were selected and crossed to 
pure race B females. Fifty males of each class were segregated into batches 
of five, and each batch was placed with 3—4 females in a separate culture 
bottle. No tests of individual males were made, since the males appearing 
in the backcrosses are, in contradistinction to males of pure races or the 
F, hybrids, rather weak, sometimes somatically abnormal, and in general 
inferior in vigor. The causation of this decrease in vigor in backcross males 
constitutes a separate problem (DoBzHANSkyY and STURTEVANT 1935). 

Males of the classes 5, 6, 7 and 8 produced no offspring. Hence, males car- 
rying a second chromosome of race B and an X of race A are always sterile 
(which was to be expected since they have testes distinctly smaller than 
normal). All culture bottles containing males of the classes 1, 2, 3, and 4 
produced offspring, although some of them did so only after repeated 
transfers on fresh food, and even then the offspring were few in number. 
The conclusion follows that males carrying all race B chromosomes in race 
A cytoplasm may be fertile, and the presence of the race A third or fourth 
chromosomes, or both together, with race B X and second chromosomes, 
does not necessarily prevent fertility. 
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THE SECOND BACKCROSS GENERATION 


Females appearing in the first backcross generation fall into as many 
distinct genotypic classes as do their brothers. All of them possess a full 
set of the chromosomes of the race to which their father belonged, but the 
second set of the chromosomes inherited from the mother may be of either 
race, or may be partly derived from one race and partly from the other. 

Some females that were sisters of the males whose testis measurements 
are presented in table 2 (coming from a backcross of the F, hybrid females 
to race B males) were individually crossed to race B males homozygous 
for orange. Since these females have their race A chromosomes marked 
by mutant genes, their own genetic constitution, as well as the genetic 
constitution of their male offspring, can be judged by the phenotype. No 
testis measurements were made on the males of the second backcross 
generation, but the testis size was evaluated by dissection and a simple 
inspection. 

The results obtained are summarized below. 


1. Females carrying all chromosomes of race B (or Cy in phenotype). 
Four such females tested; all sons have testes of normal size. 

2. Females carrying an X of race A, rest of the chromosomes race B 
(or Cy in phenotype). One female tested; wild type sons have large testes, 
bd y s sons small to intermediate. 

3. Females carrying a race A fourth chromosome, rest of the chromo- 
somes race B (or in phenotype). Two tested; all sons have large testes. 

4. Females carrying a race A third chromosome, rest of the chromo- 
somes race B (Cy in phenotype). Five tested; four produced all sons with 
large testes, one gave sons with testis size varying from large to inter- 
mediate. 

5. Females as above, but also one race A X chromosome (Cy in pheno- 
type). Two tested; bd y s sons have small testes, wild type ones large 
testes. 

6. Females carrying one third and one fourth chromosome of race A, 
the rest of the chromosomes of race B (wild type in phenotype). Seven 
tested; two produced sons with large testes, and five gave sons with testes 
varying from large to intermediate. 

7. Females as above, but also one race A X chromosome (wild type in 
phenotype). One tested; bd y s sons had very small testes, non-y sons large 
to intermediate. 

8. Females having one second and one fourth chromosomes of race A, 
the rest of race B (phenotype Ba or). One tested; Ba sons with very small 
testes, non-Ba sons with testes of intermediate size. 

9. Females having one second and one third chromosomes of race A, the 
rest of race B (phenotype Ba Cy). Four tested; wild type and Cy sons had 
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testes of intermediate size, Ba Cy sons—small testes, Ba sons—very small 
testes. 

10. Females having one set of autosomes of race A, the X’s and the 
other set of autosomes of race B (phenotype Ba). One tested; wild type 
sons had intermediate or small testes, Ba sons very small testes. 

These data, meager as they are, corroborate the conclusions regarding 
the distribution of the sterility factors in the chromosomes reached in the 
main body of the work. The failure to test a large number of the backcross 
females is due to the fact that they are on the whole much weaker than 
the F, hybrid females, and frequently produce no offspring. 


DISCUSSION 


The possibility that the sterility of the interracial hybrids in Drosophila 
pseudoobscura is due to an accumulation of structural differences between 
the chromosomes of the two races may be considered excluded. Some 
arguments against this possibility were presented in an earlier publication 
(DopzHANsky 1934). More recently Tan (1935a, b) has studied the chro- 
mosomes of the salivary gland cells in both races, and has found that they 
differ in six inverted sections, four of which are located in the X chromo- 
some, one in the second and one in the third. Since in D. pseudoobscura 
the sterility is confined to the male hybrids, only the two autosomal inver- 
sions come under consideration as a possible cause of sterility. D. melano- 
gaster individuals of either sex heterozygous for five inversions (delta-49 
in the X chromosome, CIIL and CIIR of Curly in the second, CIIIL and 
CIIIR of Deformed in the third chromosome) are fertile. According to 
the unpublished data of SruRTEVANT, the wild strains of D. pseudoobscura 
found in nature are frequently heterozygous for inverted sections in the 
third, and less frequently also in the second and in the X chromosomes, 
but no sterility is apparent in these strains. The autosomal interracial 
inversions discovered by TAN are remarkable neither in their cytological 
length nor in the extent of the suppression of crossing over they produce 
in the chromosomes concerned. The fourth chromosomes of the two races 
are, according to TAN, similar in gene alignment, but a failure of their 
pairing is frequently observed in the interracial hybrids. In short, the evi- 
dence against these inversions directly causing the sterility in D. pseudo- 
obscura appears conclusive. 

The data presented in this article show that genetic factors causing 
sterility of the interracial hybrids exist in all the chromosomes tested, that 
is in all the chromosomes except the fifth. Moreover, in the X, the second, 
and the third chromosomes respectively more than one sterility factor was 
detected. On the other hand, the effects of the different chromosomes are 
not equally strong: the left limb of the X has the strongest effect, the 
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right limb of the X, the second, the third, and the fourth chromosomes 
are decreasingly effective in the order indicated. This fact may be inter- 
preted as indicating that “main sterility factors” lie in the X and in the 
second chromosomes, while the third and the fourth contain minor con- 
tributing factors or modifiers. This interpretation is, however, not a neces- 
sary one. The cytological lengths of the chromosomes (in salivary gland 
cells, according to TAN) decrease in the following order: X chromosome, 
second, third, and fourth chromosomes. Hence, the effectiveness of a 
chromosome in producing sterility is on the whole proportional to its 
length. That no strict proportionality of this sort obtains is clearly demon- 
strated by the greater effectiveness of the shorter left limb of the X as 
compared with the cytologically longer right limb of the same chromo- 
some, but the available data permit no classification of the sterility factors 
into main and modifying ones. The greater effectiveness of the part of the 
second chromosome carrying the loci of Bare and cinnabar as compared 
with the part of the same chromosome carrying Smoky also gives no evi- 
dence on this point since the cytological lengths of these parts are as yet 
unknown. Likewise, the question of whether or not the parts of the chro- 
mosomes carrying interracial inversions are especially likely to contain 
numerous or powerful sterility genes remains open. 

The available data are best interpreted as meaning that the testis size 
in the backcross hybrids is the larger the more their X chromosome agrees 
with the autosomes as to its racial origin. In other words, sterility versus 
fertility seems to be determined by interactions of factors located in the 
X chromosome with factors located in the autosomes. Here again, this 
interpretation is not a necessary one, since the cytological length of the X 
of D. pseudoobscura is almost equal to the sum of the lengths of all the 
autosomes. Hence, the data are not inconsistent with the supposition that 
testes are smallest in males carrying equal volumes of the chromosomal 
material from both races, and that the more homogeneous are the chromo- 
somes in their racial origin, the larger are the testes. 

Concerning the mechanism of the action of the sterility factors, the 
available data permit a single conclusion only, namely that their effects 
on testis size are additive. This is amply demonstrated by the figures in 
tables 1-4: if two chromosomes, or sections of chromosomes, each produce 
a decrease (or an increase) in testis size, these two chromosomes, or sec- 
tions, produce a larger decrease (or increase) if they are present simul- 
taneously. More complicated forms of interactions, for instance factors 
whose effects are contingent on the presence of other factors, have not been 
detected. The only exception is the third chromosome of race B, the action 
of which in the hybrids possessing predominantly race B chromosomes 
(or at least the race B X chromosome) is complicated by a maternal effect 
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(see the discussion of this point in the text). It is of interest that in hybrids 
carrying predominantly race A chromosomes the third chromosome does 
not show any anomalous effects. 


SUMMARY 


1. Crosses between race A and race B of Drosophila pseudoobscura pro- 
duce in F, fertile daughters and sterile sons. The F; females may be back- 
crossed to males of either parental race. Some of the males in the resulting 
offspring are fertile and others are sterile. Fertile males always have large 
testes, while testes in the sterile males vary in size from normal to very 
small. The testis size is an index of the degree of disturbance in the process 
of spermatogenesis, the disturbance being greatest in the smallest testes. 

2. Backcross males having only race A chromosomes are fertile irrespec- 
tive of whether they have the cytoplasm derived from race A or from race 
B. Backcross males having only race B chromosomes are likewise fertile 
irrespective of the source of their cytoplasm. 

3. In the offspring of the backcross of the F; hybrid females to race A 
males, the males carrying the X chromosome from race A have larger testes 
than those carrying the X chromosome from race B (table 1, figure 1). 
Among classes carrying the same X chromosome testis size depends upon 
the autosomes: the more the autosomes agree in their racial origin with the 
X chromosome the larger are the testes, and vice versa. 

4. Backcrosses of the F, hybrid females to race B males give results 
analogous to the above but reverse in sign: the largest testes are present 
in backcross males having the race B X chromosome and race B auto- 
somes, and smallest testes in males carrying race A X chromosome and B 
race autosomes (tables 2, 3, and 4, figure 2). 

5. All the chromosomes studied carry genes concerned with testis size, 
and consequently with sterility. The X chromosome produces, however, 
the strongest effect, the second chromosome follows next, and the third 
and the fourth chromosomes last. Thus, on the whole, the effectiveness 
of each of the chromosomes is proportional to its cytological length. 

6. Wherever in our experiments a chromosome was marked by more 
than one mutant gene it was possible to show that sterility genes are pres- 
ent in different parts of this chromosome. 

7. The effects of the sterility genes located in the different chromosomes 
and sections of the chromosomes are additive. 

8. The behavior of the third chromosome of race B in the hybrid males 
of the first backcross generation possessing a majority of race B chromo- 
somes is anomalous. Such males have larger testes if they carry one race 
A and one race B third chromosome than if they are homozygous for the 
race B third chromosome. This anomaly is due to a maternal effect: in in- 
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dividuals coming from the eggs of the F; hybrid females homozygosis for 
the race B third chromosome decreases the testis size. 
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are located in the X and Y chromosomes (Ama 1921). Heterozygous 
orange-red males XRYr in crosses with white females XrXr produce 
orange-red females XRXr and white males XrYr in criss-cross manner, 
though sometimes a few exceptional orange-red males may be found. Some 
of these abnormal males produce in crosses with normal females offspring 
with an abnormal sex ratio, the females always predominating in number 
and the males which are all abnormal like their male parent being very 
few or not present at all. By carrying on the breeding of these males gen- 
eration after generation I found that the proportion of males gradually in- 
creases (ArDA 1930), and I tried in the former report to explain these 
abnormal males as the product of non-disjunction in sex chromosomes 
having XXY constitution. 

WINGE (1930) found in Lebistes reticulatus sex-reversed males of female 
genotype XX which in crosses with normal females produced female off- 
spring only. On account of the similarity of breeding results between his 
observation on sex reversal and ours on abnormal males he suggested that 
our male fish are also produced by sex reversal, but not by non-disjunction. 

To determine which one of these alternative conceptions is more valid 
further research has been continued. A new fact irreconcilable with the 
supposition of non-disjunction was found, and at present I am inclined to 
believe that our males are, as WINGE has assumed, sex-reversed males of 
the female genotype XX. Moreover I was able to produce at the same time 
females which are unquestionably due to sex reversal, viz. females of male 
genotype XY. 

The possibility of sex alteration in so well differentiated a gonochorist 
as Aplocheilus and the breeding results induced me to make a new hypo- 
thesis on sex differentiation in our fish. 
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SEX-REVERSED MALE OF FEMALE GENOTYPE 


1. Effect of individuality of male parent on sex differentiation 


Among a great number of matings of abnormal males in 1927 (table 4, 
Arpa 1930) the male designated as K10,8 produced male offspring in the 
highest ratio, viz. 49:10, and male M2 also in pretty high ratio, viz. 
10 2:1. In 1928 some male offspring from these two matings were each 
mated to five females from the same litter as the male. 


TABLE 1 


Male offspring of the males K10, 8 and M2 crossed each with 5 females from the same litter as the male. 
R=Orange-red. r= White. 


NO. AND PARENTS OFFSPRING TOTAL RATIO 
YEAR OF 

B.26 R R 

28 K10, 8, 3 5 190 71 27 15 261 42 6 
B.27 R R 

28 K10, 8, 2 5 145 68 27 27 213 54 4 
B.28 R R 

28 K10, 8, 4 5 149 44 6 1 193 7 28 
B.30 -R R 

28 K10, 8, 5 5 61 27 3 0 88 3 29 
B.31 R r 

28 K10, 8, 6 a 104 &3 8 5 187 13 14 
B.32 R r 

28 K10, 8, 7 5 92 78 8 4 170 12 14 
B.16 R r 

28 M2, 4 5 47 17 3 1 64 4 16 
B.17 R r 

28 M2, 6 5 291 284 850 46 575 96 6 
B.18 R r 

28 M2, 2 5 37 53 a 5 90 10 9 
B.19 R r 

28 M2, 8 5 324 343 62 68 667 ~=130 5 
B.20 R r 

28 M2, 7 § £0 79 9 7 159 16 10 


In the above tabulated matings the ratio of males to females varies 
from 4 to 29, and no constancy is found notwithstanding the fact that 
the parents of each mating were taken from the same litter. 
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All matings were carried on at the same season of the year under similar 
conditions as possible, so that the difference of external influences is ex- 
cluded. As in each mating the five females, all taken from the same litter, 
were crossed with the single male, if some different tendency in producing 
the male number should exist in the female parent, it might have been 
mitigated, and would not affect so much the ratio of male number in off- 
spring as we have seen. The actual variation of the ratio, accordingly, may 
be considered to depend on the nature of the male parent. 


2. Effect of individuality of female parent on sex differentiation 


In the next year (1929) a single male was mated simultaneously to two 
females in the same aquarium, each from different litters, and the sex num- 
bers were counted in the offspring of each female parent separately. 


TABLE 2 
Three orange-red males, A, B, and C, from mating 26, 1928, were each mated to single orange-red 
female from the same litter and also simultaneously to single white female from mating 29, 1928, where 
only females and no males were produced 1702 9,00. 
R=Orange-red. r= White. 


NO. AND PARENTS OFFSPRING TOTAL 

YEAR OF =e RATIO 

Bo R 

29 from B.26, ’28 62 24 33 12 86 45 2 
A 

B.12 r 

29 from B.29, ’28 38 30 31 29 68 60 1 

B.10 R 

29 from B.26, ’28 97 21 97 21 5 
B 

B.13 r 

29 from B.29, ’28 136 1 137 0 No males 

B.11 R 

29 from B.26, ’28 77 18 33 13 95 46 2 

B.14 r 

29 from B.29, ’28 69 59 6 1 128 7 18 


The breeding results in the table 2 show clearly that the same male may 
produce in matings to different females male offspring in different ratios. 
That this variation of the ratio is caused by the difference of the individual 
tendencies of female parents is to be conjectured. 

When the females are taken from the wild stock and bred to any abnor- 
mal male, the offspring are always all female with none or very few males. 
Even the males which in crosses with colored females produce many male 
offspring yield in simultaneous crosses with wild females female offspring 
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only. The breeding results of the same male mated to the colored and wild 
females at the same time in the same aquarium are summarized in the 
next table. 
TABLE 3 
Abnormal male crossed with colored and wild females. 


BR=Brown, the wild color. B’R=Orange-red variegated with black. 
B’r=White variegated with black. R=Orange-red. r= White. 


NO. AND PARENTS OFFSPRING TOTAL RATIO 
YEAR OF 


B.25 R B'r 16 By iz 


32 R 7 R 
B'r (B.20,’31) r 10 r 13 
(B.20, ’31) 
B.34 BR BR 120 0 1200 O 
32 (Wild) 
B.1 r R 74 R 19 
(B.28, ’32) 
B.2 BR BR 153 BR 0 153 0 
33 (Wild) 
B'R 29 B'R 
B.15 r B’r 29 By 3 
33 (B.26,’32) R23 R 
B’'R r 22 r 3 
(B.26, ’32) 
B.16 BR BR 310 0 310 «#20 
33 (Wild) 


Table 3 shows that the very same males which have produced in crosses 
with colored females males in the ratio of one-fifth, one-tenth or even more 
than one-half of the total offspring, yielded in mating to wild females, fe- 
males only and no males at all. The wild females, nevertheless, do not 
produce constantly females only, thus sometimes when the number of the 
offspring reared is large enough a few males may be found. For instance, 
in mating 2, 1931, where an abnormal male was mated to three wild fe- 
males, only one male was found among 719 offspring, the remaining ones 
being females. 

From these results the inference may be drawn that the females of our 
colored varieties have some tendency to produce a greater number of male 
offspring than the wild normal females. 


3. Seasonal influence on sex differentiation 


The ratio of males produced varies according to the different seasons. 
Our fish spawn every morning throughout the whole warm season, and 


| 
16 B'R 16) 
q 


140 TATUO AIDA 


the sex ratio in the offspring from the same parents differs according as 
they are hatched out in early or mid-summer. In the next table the num- 
bers of male and female offspring from the same parents reared in each 
period are separately listed. The water temperature at the surface in the 
morning before sunrise was in the first period 23—26°C. and in the second 
25-28°C. 
TABLE 4 
Offspring of the same parents hatched out in earlier and later periods of summer. 


BR, B’'R, B’r, R’r same as in former table. Br= Blue. 


NO. AND PARENTS HATCHED OFFSPRING TOTAL RATIO 
YEAR OF OUT 
From June 26 
B.6 R R_ to July 20 1 74 +1 70 


29 (B.31,’28) 
From July 21 
to August 10 gr Roe HEE Bs 7 73 _25 3 


From June 26 
B.7 R R July 20 Ser 2 53 5 
29 (B.31,’2¢) 

From July 21 

to August 16 R 16 r 6k ii 7 22 24 1 


From June 26 
B.8 R R to July 23 RK MR 4 YF 1 82 5 16 
29 (B.31,’28) 
From July 24 
to August 17 R @ee DR De BW 60 40 1.5 
From July 4 BR 11 Br 9 BR 9 Br 8 
B.23 BR r to July 20 2 2 6 39 2 
"32 (B.2, From 


31) normal From July25 Br 11 Br 11 BR 1 Br 4 

stock to August 6 3 _ 9 6 
From July10. B’/R 9 B’r 9 B'R2 B’r 1 


(B.16,’31) 
From July24 B’R24 B’r 10 B’R 8& B’r 9 
to August 6 R it 8 71 30 2 


From the table we can see clearly that the season has a certain influence 
in determining the ratio of male offspring. In four matings among five the 
increase of the male number is very large in the second period. Probably 
high temperature may induce some females to male reversal. WINGE 
(1934) reports similar seasonal influence on the sex ratio in offspring of 
sex-reversed males of Lebistes. Thus he found that though in the early 
summer a relatively large number of males is produced, in other seasons 
the number of females increases, the females alone being produced in 
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winter. According to Wirscur (1929) female tadpoles of Rana sylvatica re- 
verse to males at high temperature. Thus the temperature seems to have a 
similar effect on sex differentiation in lower vertebrates. 


4. Excess of male number 


The mating 9, 1930, yielded male offspring in a high ratio, viz., 140 2 9 
and 810. In the next year 10c° 7 and 199 2 from them were bred in 
mass (B.20, ’31). The result was 1052 2 and 820’; the male ratio in- 
creased a little over that of the parents’ brood. One male among them, 
orange-red variegated with black, was paired with a normal white female. 
This mating produced 1436 #7 and 45 2 9 ; so the male number amounts 
to more than thrice that of the female, an enormously high male ratio. 
The details are listed in table 5. . 

TABLE 5 
Mating 26, 1932: B'R male crossed with r female. 
B’R, B’r, R, r same as in former tables. 


NUMBER OF TOTAL RATIO 

From July 9 98 B’R12 R 4 16 R 16 
to July 20 B'r 4 r 3 Br 2D ¥ 23 74 3 
From July 24 72 B'R 4 6G I 
to August 6 B’r 6 , 6 Be 6 + 18 34 2 
From August 14 210 B’'R 0 Kk 
to August 29 B’r 0 2 Be 4 35 9 

Grand total 4599 


The discrimination of sex in our fish according to external aspects which 
is not possible in young stages may be made only after maturity, when the 
male manifests its secondary sexual characters, viz., long dorsal fin and 
wide anal fin with minute horny processes on fin rays (OKA 1931) and 
when the female lays eggs. From hatching to maturity there is an in- 
terval of about one year, so that the young individuals must pass the cold 
season, many weak ones dying during this hibernation. 

Some suspicion might be raised concerning the sex ratios above in that 
through some unknown cause the majority of the female offspring might 
die to cause an unusually high male ratio. In the offspring of the third pe- 
riod the rate of mortality is great, thus only 39 adult fishes were reared 
from 210 fry. But in those of the first period nearly all of the fry became 
fully grown, and the disturbance of the sex ratio due to death is not ob- 
servable. The preponderance of the male offspring in this case, therefore, 
must be due to the special nature of the parents, and this fact alone suffices 
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to deny my former supposition of non-disjunction in the origin of abnor- 
mal males. If the latter were the products of non-disjunction and had 
XXY chromosomes, it should be quite impossible to produce more male 
offspring than female. In our experiment the male number amounts to 
more than thrice that of the female. It is clear that our former supposition 
of non-disjunction must be abandoned, and the hypothesis of sex-reversal 
must be adopted instead of it. 

From all these breeding results we can see that the sex ratio of the off- 
spring of abnormal males crossed with any female of colored varieties 
varies according to the individuality of the two parents and it differs even 
in different parents taken from the same litter. Through the continual 
selection of the abnormal male as parent from the litter where the male 
ratio is high the male offspring may gradually increase until eventually 
they are in excess. The increase in the proportion of male offspring genera- 
tion after generation, that I reported in my last paper (1930) is also proba- 
bly the result of selection, as I have always chosen the male as parent of the 
next mating from the litter in which a relatively large number of males 
was found. 
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SEX-REVERSED FEMALE OF MALE GENOTYPE 


A mass mating of normal strain, 1929, where ten white females (XrXr) 
were crossed with five orange-red males (X RYr) gave the normal offspring 
composed of 614 orange-red females, 423 white males and a single excep- 
tional white female. The last one was paired with a single normal orange- 
red male (XRYr), the result of which was quite remarkable, as shown in 
the next table. 

TABLE 5 


Exceptional white female crossed with single normal orange-red male (XRYr). 
Mating 41, 1930 


ORANGE-RED WHITE TOTAL 
ge 55 0 55 
estos 55 112 167 


If the exceptional female were of normal constitution XrXr the orange- 
red and white offspring should be female and male respectively. We see 
however that half of the orange-red offspring are males: thus among 110 
orange-red individuals one-half, i.e., 55 are male and another half female; 
while all white individuals, 112 in all, are male. In total the number of the 
male offspring is thrice that of female. 

This singular result may be well explained by supposing that the excep- 
tional female was produced by sex reversal and has X and Y chromo- 
somes. Such a white female XrYr mated to a normal orange-red male 
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XRYr will produce offspring composed of orange-red females X RXr and 
males XRYr, as well as white males XrYr and YrYr in equal ratio, so that 
the male number will be thrice that of female if the YY males survive. 

If this supposition is correct, half of the white male offspring must have 
two Y chromosomes and in mating with normal female XX produce male 
offspring only. To test this supposition, three white males were taken at 
random and each was mated to three normal females respectively. The 
results are listed in the next table. 


TABLE 6 
3 white males from B.41, 1930, crossed each with 3 normal orange-red females. 
R, r=same as in former tables. 


NUMBER AND OFFSPRING 
MALE 
YEAR OF TOTAL 
PARENT 
MATING 99 
R 14 R 2° 25 
7,193 
r 11 r 15 23 
18, 193 
B.16, 195% B r 5 r 4 ad’ 9 


Though since the number of offspring reared from each mating above 
listed is small the results cannot perhaps be regarded as quite conclusive, 
yet they are in favor of the supposition just stated. Two males, A and B, 
produced offspring with a normal sex ratio, while C male produced only 
males. Ten offspring from the C male, i.e., five orange-reds and five whites 
were tested by pairing to normal white and orange-red females respectively. 
The results were quite normal, because the former yielded offspring con- 
sisting of orange-red females and white males in criss-cross manner, and 
the latter both orange-red and white females and males in equal ratio. 
From these facts it may be inferred that all male offspring of C male are 
of the normal XY constitution and consequently the C male must have 
two Y chromosomes. 

The orange-red males of the same litter as C male (B.41 ’30) were all 
normal. Three fishes among them were crossed with three normal white 
females respectively. The results showed normal criss-cross inheritance: 
all orange-red offspring were females and all whites were males, as shown 
in table 7. 

The single exceptional white female in mating 11, 1931, is the second 
fish produced by sex reversal which I obtained, and breeding experiments 
similar to the above stated were repeated with this female: it was paired 
with a single orange-red male from normal stock. The result was quite 
similar to that of B.41, ’30 (table 8). 
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TABLE 7 
Offs pring of 3 orange-red males from B.41,’30, crossed each with 3 normal white females. 


ORANGE-RED WHITE 
NO. AND YEAR 
OF MATING 9 9 
B.9, ’31 219 0 0 204 
B.10, ’31 154 0 0 182 ‘ 
B.11, °31 105 0 1 95 | 
TABLE 


Exceptional white female from B.11,’31, paired with a normal orange-red male. Mating 22, 1932. 


ORANGE-RED WHITE TOTAL 
217 0 217 
222 374 596 


The mode of color inheritance was quite normal, orange-red and white 
offspring being nearly in equal ratio, as the male parent was heterozygous 
for its color. One half of the orange-reds were males and the other half 
females. The total number of males was thrice that of the females as in 
B.41, 

Under the expectation that one half of the white males would yield male 
offspring only, ten individuals among them were paired each with a single 
female. The results are shown in table 9. 


TABLE 9 


Offspring of 10 white males from B.22, ’32, crossed with orange-red females. 
R=Orange-red. r= White. 


NO. AND 

YEAR OF ADULT OFFSPRING TOTAL 

mating PARENT A MONTH OLD 

B.5, 33 from same litter 274 263 32 30 28 31 60 61 
as male 
B.6, 173 168 119 116 0- 235 
B.7, 733 : &4 102 27 23 35 18 62 41 
B.8, ’33 . 126 142 0 116 1 116 i 232 
B.9, 733 202 199 68 68 75 153. 143 
R 

B.10, ’33 fromnormal stock 254 239 94 104. 93 90 187 194 
195 219 118 0 131 0 249 
B.12, ’33 - 256 264 101 83 88 93 189 176 
B.13, 306 342 69 76 61 66 130 
B.14, ’33 . 93 86 1 63 0 59 ee 


In four matings B.6, B.8, B.11 and B.14 among ten, only male offspring 
were produced, and in two matings B.8 and B.14 one single exceptional 
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female was found. The remaining six matings yielded offspring of normal 
sex ratio, i.e., the female and male nearly in equal proportion. The death 
rate of young fishes during hibernation is not small, as already stated, and 
is especially heavy when they are attacked by epidemic disease as in B.5, 
but in those four matings the greater number of fry was reared up to ma- 
turity and there is scarcely any doubt that all females in them were killed 
and the males alone survived. It is plausible to think that the male parents 
in those matings carry two Y and no X chromosomes at all. 

The fact that four males among ten, i.e., one-half of the whole male 
offspring carry two Y chromosomes well verifies the supposition that the 
mother fish of these males, the exceptional white female, is the sex-reversed 
female of male genotype XY. 

For the test of the brother orange-red males (B.22 ’32) ten fishes among 
them were mated to normal white females or orange-red females from the 
same litter as males. Two matings were unfruitful, the other eight all 
showed normal inheritance so that all orange-red males of B.22 ’32 are to 
be supposed to have the normal constitution of XY (table 10). 


TABLE 10 


Orange-red males from B.22,’32 mated to orange-red females of the same litter or to white females 
from normal stock. 


R, r same as in former table. 


paca NUMBER OF FRY ABOUT 
YEAR OF FEMALE PARENT A MONTH OLD ADULT OFFSPRING 
MATING 
r R r RSS rad 
B.18, 33. from normal stock 266 217 247 2 0 197 
B.20, ’33 _ 145 146 138 0 0 135 
B.21, ’33 ” 263 271 187 1 0 179 
R 
B.22, 33 from B.22, ’32 297 95 145 67 0 63 
B.23, ’33 yi 442 138 194 100 0 84 
B.24, ’33 . 454 148 239 114 0 116 
B.25, ’33 : 216 72 30 22 0 17 
B.26, ’33 . 252 69 178 63 0 62 


Quite similar results were obtained by WINGE (1934) on the sex-reversed 
female of Lebistes reticulatus, which produced in a cross with normal male 
21 females and 81 males, i.e., in the ratio of 1:3. One-third of the males were 
reported to be YY males, and in crosses with normal females produced 
male offspring only, just as in our case. 

It is very interesting to see that in fishes which are well sex-differentiated 
like Lebistes and Aplocheilus one sex may change to the opposite one, and 
that YY male may be viable and fertile while it is lethal in Drosophila. 
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DISCUSSION AND A NEW SUPPOSITION ON SEX DIFFERENTIATION 


At present the elucidation of sex differentiation is based on the funda- 
mental conception, proposed by Morgan, of two antagonistic and com- 
peting female and male determining factors. Generally it is understood 
that when the female factor F predominates the individual becomes fe- 
male, while when the male factor M prevails it becomes male. But about 
the locations of these factors in the germ cells the opinions of different 
authors do not agree. 

CoLpscHMipT (1934) in his explanation of intersexes in Lymantria (fe- 
male digamety) locates the M factor in X chromosome and the F factor in 
the cytoplasm of the ovum, FMM being male and FM female. Kosswic 
(1931) to explain sex differentiation in the hybrid between Platypoecilus 
maculatus (female digamety) and Xiphophorus Helleri, supposes in the 
former the M factor to be located in autosomes and the F in W or Y chro- | 
mosome; the Z or X chromosome being quite indifferent in sex determina- 
tion has none of F or M factor. According to BrrpGEs (1925) in Drosophila | 
(male digamety) all autosomes have both female and male genes, and in 
total the male genes are more effective than the female. The X chromo- | 
some in contrast to autosomes contains net female genes, and the sex is 
differentiated according to the ratio of these two sets of genes. WITSCHI 
(1929) assumes in European frog (male digamety) that the autosomes have 
net M factor and X chromosome net F factor as in Drosophila, and more- 
over Y chromosome carries a variable f factor, the allelomorph of F and 
lower in its strength than the single M. WINGE (1934) in the interpretation 
of sex reversal in Lebistes (male digamety) supposes that the net factor 
of each autosome is different in quality and strength, some being feminine, 
and others masculine in various strengths. The X chromosome is feminine, 
while the Y chromosome is masculine and stronger than a single X. The 
sex reversal is considered to be caused by the accumulation of autosomes 
of the same sort in an ovum, whose factors being all feminine or masculine 
surpass in total the antagonistic effect of sex chromosomes so that an 
individual XX may be changed to male and the XY to female. 

Such diversities of the opinions of different authors about the location 
of F and M factors induced me to doubt their real existence. From the 
facts that in Aplocheilus as well as in Lebistes females of male genotype 
and males of female genotype may be produced through sex reversal, 
and that the males of female genotype produce in crosses with normal / 
females ofispring with sex ratios varying from all females to a preponder- 
ance of males, I am induced to make the following hypothesis on sex differ- f 
entiation. 

The genes which correspond to the primary sexual characters of both 
sexes are distributed in autosomes, and they become activated by certain 
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definite genes which act as stimulating genes. We may think that the sex 
differentiation is due to the difference of the quantity of such stimulating 
genes. When it is greater than a certain limiting value the feminine genes 
only are activated and the action of masculine genes is suppressed so 
that the female characters will develop, while on the contrary when it is 
smaller just the reverse will take place. 

The genes concerned in stimulating, which we may call sexual exciters, 
are located in the sex chromosomes. In the heterogametic male the total 
sum of sexual exciters in X and Y chromosomes is less than that contained 
in the two X chromosomes, and in the heterogametic female their total 
quantity in X and Y or Z and W chromosomes is greater than that in two 
X or Z chromosomes; in other words, in the former case the X chromosome 
has greater exciting quantity or potency than the Y and in the latter case 
we have the reverse. As thus the differentiation of sexes is considered to be 
caused by the difference of quantity of the same exciting agency there 
should be a threshold value between the two sex determining quantities 
and when either of the latter is greater than that value the action of female 
genes and in the contrary case that of male genes will be stimulated. 

Though some external or internal conditions might influence these ex- 
citing potencies of sex chromosomes, in normal case their disturbing action 
is not so great as to cause the total sum of the potencies of sex chromosomes 
to pass over the threshold value and produce abnormal sex differentiation. 

According to my opinion the sex reversal in our fish may be explained 
by an unusual disturbance of the potency of the X chromosome. In our 
breeds of colored varieties, I think, the X chromosome loses the constancy 
of its potency by some unknown cause, and so fluctuates always in varying 
range that in some fishes which happened to have lower-fluctuants of the 
X chromosome the total sum of their potencies falls under the threshold 
value, so that the masculine genes only are activated notwithstanding 
their female genotype, and the sex is reversed. 

The range of fluctuation is supposed not to be equal in all X chromo- 
somes and it varies even in those of offspring produced from the same par- 
ents. The variation of the number of sex-reversed males due to the indi- 
viduality of both parents in the offspring of the XX male crossed with the 
female of colored varieties will be the result of the varying ranges of fluc- 
tuation in the X chromosomes of the latter. The wider the range of their 
fluctuation in both parents, the greater number of males will be produced. 

From the fact that in crosses with wild females any sex-reversed male 
yields generally female offspring only, rarely together with a few males, 
we may infer that the range of fluctuation is not very wide in negative di- 
rection, hence most of the lower fluctuants, excepting the lowest ones, in 
combination with a normal X chromosome of the wild species are unable to 
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depress the total sum of potencies so much as to let it pass over the thresh- 
old value and effect sex reversal. 


The fluctuation of the X chromosome in our breed, in my view, would 


have taken place at first in one of two X chromosomes, and on account of 
many years’ close inbreeding all colored varieties in our breeds came to 
get two fluctuating X chromosomes, whereupon some females which hap- 
pened to carry two lower X chromosomes were first detected as the sex- 
reversed ones. By constant breeding of the sex-reversed males selected out 
from the litters where their number is high, the fluctuation of X chromo- 
some may be shifted further in the negative direction, so that the number 
of the male offspring will be increased. The matings in table 5 are the re- 
sults of such processes, where the excess of males may be found. 

Probably the fluctuation of the X chromosome might be influenced 
easily by outer conditions, and the difference of the rate of male production 
from the same parents in different seasons is to be explained as the effect 
of different climate. 

The fluctuation takes place in both directions either positive or negative, 
starting from normal value. The effect of the positive fluctuation cannot 
be recognized in the offspring of sex-reversed males crossed with normal 
females as then both parents carry X chromosomes only, and the increase 
in the potency of that chromosome results in nothing but to produce the 
females which are not different at all from the normal ones. 

The sex-reversed female of male genotype XY is to be explained as the 
effect of the increase in the total potency of X and Y chromosomes. When 
the total sum of potencies increases and passes over the threshold value to 
the female side, a female will be produced in spite of the male genotype. 
Whether this increase of potency is caused by the fluctuation occurring 
in the X chromosome only or in both X and Y is not yet fully decided. But 
even through the consideration of the fluctuation in the X chromosome 
only the fact is easily understood. The single X chromosome of extreme 
fluctuation on the positive side, which will very rarely occur, accompanied 
by a Y chromosome, may have sufficient total potency to excite the female 
genes only. The rarity of sex-reversed females favors this supposition. 

The experimental results of the sex reversal phenomenon in our fish 
are thus fairly explainable by the supposition that sex differentiation is due 
to differences in the total quantities of exciting factors in the sex chromo- 
somes, and the fluctuation of the potency of the X chromosome. 

Now to test how far this supposition of sex differentiation is conform- 
able to the other facts about sex differentiation, I will try in the following 
to interpret some well known complex facts based on this supposition. 

The most perplexing facts are those of Goldschmidt’s intersexes and sex 
reversal in the hybrids between the different local races of Lymantria 
dispar. The results of the crosses designated as ‘“‘Basic’’ by him and the 
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crosses between the very weak and strong races (GOLDSCHMIDT 1934) can 
easily be interpreted on the basis of our hypothesis with an auxiliary one 
that the maternal cytoplasm influences slightly the potencies of sex chro- 
mosomes: the cytoplasm of the strong race strengthens and that of the 
weak weakens the potencies of sex chromosomes. 

To simplify the explanation we may assume schematically some num- 
bers for the potencies of sex chromosomes and the threshold value in dif- 
ferent races: 


Japanese or strong race............. X20 Y40=60, X20 X20=40, the threshold value=52. 
European or weak race ........... X25 Y37=62, X25 X25=50, the threshold value=55. 
Very weak race..... ee eer X26 Y30=56, X26 X26=52, the threshold value=53. 


In the hybrids between these races of different potencies of X and Y 
chromosomes there will appear some individuals in which the total potency 
of sex chromosomes is enough large to excite one group of genes, either 
female or male, in the autosomes introduced from one parent, so that the 
corresponding sexual characters will develop. For the sexual genes in 
another group of autosomes introduced from another parent it is at the 
threshold value or very near to it, so that some characters of both sexes 
may develop, and in such a case a female or male intersex will be produced. 
Sex reversal will be produced when the total potency of sex chromosomes 
passes over the threshold values in both parents to that side, male or 
female, which is opposite to the sexual constitution of the hybrid. 

In the next table the statements of GoLDscHMIDT on the different crosses 
are cited in the first column and the respective interpretation for each cross 
is described in the second. The cytoplasmic influence is denoted by the 
number 2; when the female parent is from the strong race 2 is added, and 
when it is from the weak or very weak race 2 is subtracted from the total 
sum of potencies in each zygote. 


TABLE 11 


Interpretations of Goldschmidt’s basic crosses and crosses between strong and very weak races 
of Lymantria dispar. 


J=JAPANESE STRONG RACE j=AUTOSOME SET FROM JAPANESE RACE 
E=£UROPEAN WEAK RACE €=AUTOSOME SET FROM EUROPEAN RACE 
=INTERSEX. Rev =sEX REVERSAL 


1. J9 =F, normal X20 Y40X X25 X25=X20 X25, X25 Y40 
454+2=47 654+2=67 
2. E9 XJ@7=Fic' normal, 9 intersex X25 Y37X X20 X20=X25 X20, X20 Y37 
45—2=43 57-—2=55 
je, ef 
3. (JXE)?=@ normal, @ up to 3 of their X25 Y40X X20 X25= 
number intersexual X20 Y40, X25 Y40, X20 X25, X25 X25 


60+2=62 65+2=67 454+2=47 50+2=52 
Q fou ed, if 
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J=JAPANESE STRONG RACE 
E=8UROPEAN WEAK RACE 


j=AUTOSOME SET FROM JAPANESE RACE 
€=AUTOSOME SET FROM EUROPEAN RACE 
=1nrersex. Rev=sex REVERSAL 


3a. (KE) X(EXJ) =exactly like No. 3 


4. (EXJ)?=c' normal,  } normal and } in- 
tersexuals 


4a. (EXJ) X(J XE) =exactly like No. 4 
5. JX(JXE), JX(EXJ): always normal 


6. EX(JXE),EX(EX)J): exactly like F, No. 
4, namely males normal, females } normal, 
} intersexual 

7a. (JX E)XJ=all normal 

7b. (JKE)XE= normal, all intersexual 

8a. (EXJ)XJ=all normal, 9 intersexual 

8b. (EX J) X E=all normal 

a. Very weak 9 XStrong 


b. Strong 9 X Very weak co’ =normal 


c. Very weak 9 XF; from 


d. (Strong 9 X Very weak o*)?=29,107,19 
by sex-rev. (hardly viable) 


e. (Strong 9 X Very weak o) 9 X Very weak 
o'=only 


X25 Y40X X25 X20= 

X20Y¥40, X25 Y40 X20X25 X25 X25 

60+2=62 65+2=67 454+2=47 504+2=52 
9 9 ed, j¢ 

X20 Y37X X20 X25= 

X20 X20, X20, X25, X25 Y37, X20 Y37 

40—2=38 45—2=43 62—2=60 57—-2=55 


9 je,e¢ 
X20 Y37X X25 X20=same as No. 4 
X20 Y40 X20 X25= 


X20 X20, X20 X25, X20 Y40, X25 Y40 
40+2=42 45+2=47 60+2=62 654+2=67 
9 2 

X25 Y37X X20 X25= 
X20 X25, X25 X25, X25 Y37, X20 Y37 
45—2=43 50—2=48 62—2=60 57-—2=55 
X25 Y40* X20 X20=X25 X20, X20 Y40 
45+2=47 60+2=62 
X25 Y40K X25 X25=X25 Y40, X25 X25 
65+2=67 50+2=52 
9 ed’, 
X20 Y37X X20 X20=X20 X20, X20 Y37 
40—2=38 57-—2=55 
X20 Y37 X25 X25=X20 X25, X25 Y37 
45—2=43 62—2=60 
X26 Y30X X20 X20=X20 X26, X20 Y30 
46—2=44 50—2=48 
fot Revo’ 
X20 Y40 X26 X26=X20 X26, X26 Y40 
46+2=48 66+2=68 
X26 Y30, X20 X26= 
X20 X26, X20 Y30, X26 X26, X26 Y30 
46—2=44 50—2=48 52—2=50 56-—2=54 
X26 Y40X X20 X26= 
X26 X20, X20 Y40, X26 X26, X26 Y40 
46+2=48 60+2=62 524+2=54 66+2=68 
Rev 9 9 
X26 Y40 X26 X26=X26 X26, X26 Y40 
52+2=54 66+2=68 
Rev 9 9 


| 
| 
| 
| 
| 

| 
| 
| 
| 


SEX REVERSAL IN APLOCHEILUS 151 


The appearance of abnormal sex in D. melanogaster (BRIDGES 1922, 
1925) may also be elucidated on the basis of our present supposition. 
The triploid intersex carries triploid autosomes and two X chromosomes 
(3A, 2X). The total of the potencies of two X chromosomes may be here 
considered to be equal or very near to the threshold value for three sets of 
autosomes, and consequently both sexual characters are revealed. The 
super-female (2A, 3X) and male (3A, X) are considered to be caused by 
extremely excessive and scanty quantities of the exciting factor respec- 
tively, of which the sterility is the result. 

In bees and many other Hymenoptera the diploid egg develops into a 
female and the haploid into a male. These facts are intelligible when we 
assume a cytoplasmic influence upon the potencies of sex chromosomes. 
We suppose that the cytoplasm in Hymenoptera resists the exciting action 
of sex chromosomes and weakens it somewhat. In a diploid egg the sum of 
the potencies of two sex chromosomes, 2x, decreased by the quantity c, 
the cytoplasmic resistance, i.e. 2x-c, might still be greater than the thresh- 
old value for two sets of autosomes, and stimulate the female genes to 
their activity, while in the haploid form x-c is less than the threshold 
value for one set of autosomes, and the male genes only will be excited. 

Thus the hypothesis of quantitative differences in the degree of sensi- 
tivity of the male and female sexual genes in autosomes and corresponding 
differences in the potencies of sex chromosomes in different sexes explains 
well many complex facts of sex differentiation, and I think that it is the 
general mode of sex differentiation. 

Through this hypothesis the phylogenetic relationship among the her- 
maphrodite, rudimentary hermaphrodite (Kosswic 1931, Wirscut 1929) 
and the gonochorist may be well cleared up. In the hermaphrodite the 
sensitivity of male and female genes to stimulating action is equal, and all 
of them are consequently excited to the same degree. In the rudimentary 
hermaphrodite, however, the sensitivity of sexual genes and the corre- 
sponding total potency of sex chromosomes is different in male and female 
sexes but this difference is small and the total potency of sex chromosomes 
in each sex draws very near to the threshold value. In such animals some 
slight influence of outer or inner conditions will induce the disturbance of 
sex differentiation, sex reversal or intersexuality being easily produced. In 
the gonochorist this difference is so great that normally any condition is 
unable to cause such sexual disturbances. 

The three sexual types i.e., Protenor 9 XXoXO, Drosophila 9 XX- 
@XY and Abraxas type 9 XYoXX show according to our hypothesis 
only the differences in respect to the accumulation of stimulating genes 
in two sex chromosomes. In the Protenor type all genes are contained in 
the X chromosome only and in the latter two types they are distributed 
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between two chromosomes X and Y. In the Drosophila type the X chro- 
mosome carries a greater number of genes than Y, and in the Abraxas 
type on the contrary the Y chromosome is greater in its potency than the 
X. Crossing over of the stimulating genes, if possible, might produce one 
type from another. The difficulty that opposite types of sex determination 
appear in very nearly related species, for example, the Drosophila type in 
Lebistes and the Abraxas type in Platypoecilus may thus be easily ex- 
plained. 
SUMMARY 

Further breeding investigations on the abnormal males of A plocheilus 
latipes, which were assumed in my former paper (1927) to be the products 
of non-disjunction of the sex chromosomes are described. These males 
produce in crosses with normal females offspring in which the number of 
females always exceeds that of males in varying ratios. 

The sex ratios in these offspring vary according to the individualities 
of male and female parents. The different males from the same litter yield 
offspring of different sex ratios, and also the different females mated to the 
same male produce offspring of varying sex ratio. 

Temperature influences the sex ratio which may differ in the offspring 
of the same parents produced early in the year or during mid-summer. 
Generally under a hotter climate the number of male offspring is greater 
than under a colder one. 

By continued breeding of males selected out from the litters with high 
ratios of males the number of males increases until eventually some males 
are obtained whose male offspring far exceed the females in number. This 
fact denies the supposition of non-disjunction as accounting for the origin 
of abnormal males, so that it must be discarded and the alternative of 
sex reversal adopted. 

The sex-reversed female of male genotype XY was found. It produced 
in crosses with normal males female and male ofispring in the ratio of 1:3. 
One-third of its male offspring were males of the constitution YY, and 
these produced only male offspring. 

For the interpretation of these results a new hypothesis of sex differ- 
entiation is proposed. The female and male primary sexual characters 
have all their own respective corresponding genes; these are distributed in 
the autosomes, and are set into activity by a certain amount of stimulating 
genes. The degree of sensitivity of female and male genes to the stimulating 
genes is various, and the female genes require a greater amount of stimula- 
tion than the male genes to become active. Sex differentiation is caused by 
differences in quantity of the stimulating genes. When the difference is 
great the female genes alone are activated and the action of male genes 
suppressed, while if it is small just the reverse takes place. Between these 
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two quantities is a threshold value, above or below which the female or 
male genes are stimulated to produce female or male respectively. The 
genes of stimulation in the gonochorist are located in the sex chromosomes, 
and the total stimulating capacity or potency is greater in female sex 
chromosomes than in male ones. 


Sex reversal in our fish and the differences in the sex ratios among the 
offspring of sex-reversed males are explained by the fluctuation of the 
stimulating power or potency of the X chromosome. 

Other abnormal facts of sex differentiation are explained on the basis of 
our present hypothesis. 
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University Press, London and New York, 1925. 

Factor symbols should be separated so that they can be properly identified and 
underlined for italics. Most typewriters do not distinguish between the letter | and 
the figure 1 or the hyphen and the dash. Such distinctions should be made wherever 
there is a possibility of confusion. 
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they should be numbered consecutively in a single series and designated by Arabic 
superscript numerals. Footnotes to tables should be marked with an asterisk, dagger, 
or other symbol so as not to be confused with the figures in the tables. 
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sent with the manuscript. Ordinarily page proofs can not be sent out of the country. 
Both proofs must be returned promptly and no extensive change may be made in page 
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paragraph on the same page. Changes from copy will be charged to the author. 

Genetics furnishes 75 reprints, without covers, free. Covers and additional re- 
prints may be secured at actual cost of manufacture provided these are ordered 
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